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Abstract 
Recently, organic solvent nanofiltration (OSN) became an attractive tool for 
molecular separation in organic feed streams. Although commercial polymeric 
membranes are available and easily accessible, they still face several issues in OSN 
conditions. For instance, commercial membranes usually have low discrimination 
between the target molecules and waste reagents, poor stability in organic solvents 
and acidic/basic conditions and inconsistent performance over service life time. 
The main objective of this research was to study the fabrication and function of 
polybenzimidazole (PBI) membranes for OSN in order to obtain a more versatile 
membrane than the available commercial ones. The stability of PBI membranes in 
harsh solvents and corrosive environments was achieved by chemically crosslinking 
the polymeric backbone. The chemical resistance of crosslinked PBI membranes 
was demonstrated by exposing the membranes to realistic conditions used in 
pharmaceutical and chemical separation processes, such as organic solvents 
containing acids or bases. 
Further, the crosslinking reaction itself was studied thoroughly by analysing the 
reaction mechanism and the effect of reaction parameters on membrane stability and 
performance. A better understanding of these parameters is crucial to the 
development of robust, reproducible and scalable membranes. The analysis was 
carried out using a statistical approach based on Design of Experiments (DoE) 
methodology, which enabled reduction of the number of experiments, to study more 
than one factor at a time and to identify the relevant parameters and their 
interactions. A phenomenological interpretation of the statistical models was also 
attempted. The investigation of the reaction mechanism revealed the formation of 
charged complexes in the PBI backbone that can be used to facilitate the transport 
of solutes carrying a charge opposite to that of the membrane’s surface. 
This was studied by filtration experiments through PBI membranes using charged 
and neutral solutes with similar molecular weights. The charge of crosslinked and 
uncrosslinked membranes was modified by applying different treatments to the 
membranes. It was found that the transport of solutes through PBI membranes was 
ii 
 
based on both size exclusion and ion exchange. Finally, the effect of the choice of 
co-solvent or non-solvent additive in the fabrication of PBI membranes was studied 
and it was found that different additives result in membranes with different 
properties. However, no correlation was found between the properties of the solvents 
and the performance of the membranes. 
In conclusion, the availability of such membranes could lead to a wider 
implementation of membrane units in many industries which require separation of 
molecules from organic solvents. This was demonstrated by applying crosslinked 
PBI membranes to OSN membrane cascades in which the problem of insufficient 
separation capability was addressed. Also, uncrosslinked PBI membranes were 
successfully molecularly imprinted and have been shown to have potential as size 
exclusion barriers and shape specific absorbents. 
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that my contribution in all of them was the fabrication of membranes, which would 
suit the specific project. 
Often, the drawback of applying membranes to separation processes is their 
insufficient selectivity between target compounds and impurities. This leads to trade-
offs between yield and purity of the product, i.e. the higher the rejection of the 
product is, the higher is its yield and the lower is its purity, and vice versa. This 
challenge is mostly addressed in research by focusing on improving the membrane 
by creating uniform pore sizes and narrow pore size distributions. However, research 
undertaken by my colleagues Jeong Kim and Dr. Ludmila Peeva addressed the 
problem of insufficient membrane separation capability by implementing PBI 
membranes in OSN cascades. 
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RSM response surface method 
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1 Literature review 
1.1 Membranes – definition and classification 
A membrane in general represents a semi-permeable barrier between two phases 
allowing the selective transport of species (liquid or gas) using a driving force 
(concentration, pressure, temperature gradient and others). This definition describes 
a number of different structures which can be from biological or synthetic origin. 
Biological membranes can be found in cells, skin, kidneys and others. Synthetic 
membranes are divided into organic (polymeric), inorganic (ceramic) and hybrids of 
these two. A membrane, regardless of its origin, will divide a feed stream into a 
retentate and a permeate fraction (Figure 1). The target molecule(s) can be found in 
either the retentate, permeate or in both. Membrane separation is usually based on 
size exclusion, i.e. the molecules bigger than the membrane pores are retained and 
the smaller ones pass through. However, there are also other properties of the 
membrane and the feed solution which can be exploited for a successful separation; 
among them is the hydrophilicity and surface charge of the membrane. The transport 
of solutes through a membrane is driven by a pressure, concentration, temperature 
or electrical potential gradient across the thickness of the membrane (Figure 1). 
 
Figure 1: Schematic representation of a membrane separation process. Using a 
driving force (pressure, concentration, temperature or electrical potential gradient) a 
feed stream containing solutes 1 and 2 is divided into a retentate stream saturated 
with solute 1 and a permeate stream consisting of mainly solute 2. 
permeate
retentatefeed
membrane driving force
ΔP, ΔC, ΔT, ΔE
solute 1
solute 2
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Polymeric membranes are in general classified based on their morphology (Figure 2) 
‒ non-porous/dense, symmetric porous, integrally skinned asymmetric (ISA) porous 
and thin film composite (TFC) ‒ or based on the filtration process ‒ reverse osmosis 
(RO), nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF) membranes [1]. 
 
Figure 2: Schematic representation of the four types of membrane morphology 
structures: a) non-porous/dense, b) symmetric porous, c) integrally skinned 
asymmetric porous and d) thin film composite [1]. 
The functional performance of the membrane in a filtration process is closely related 
to the morphology and the average pore size of the membrane. In general, dense 
membranes are used in RO and gas separation. The transport of solutes through 
dense membranes is based on their ability to dissolve in and diffuse through the 
polymeric matrix of the membrane [1]. Symmetric porous membranes are applied 
mainly in UF and MF where the separation of solutes is based on size exclusion. For 
a successful separation in this case there has to be a significant size difference 
between the solutes. 
The morphology of ISA and TFC membranes is very similar and hence, their filtration 
application is similar too [2]. Both types of membranes have a non uniform pore size 
distribution across their thickness (see Figure 2 c) and d), respectively). The top 
layer, which is responsible for the separation, is less porous or even non-porous. 
The more porous sub-structure provides mechanical stability and reduces the flow 
resistance created by the top layer. The major difference between ISA and TFC 
membranes lies in their fabrication. ISA membranes are obtained from one polymer 
type in a single step procedure called the phase inversion technique. Such 
membranes were first introduced by Loeb and Sourirajan [3]. The top layer and 
porous sub-structure of a TFC membrane are formed in different steps and consist of 
different polymeric materials. This enables the optimisation of the two layers to be 
undertaken separately. The advantage of using such membranes is the possibility to 
adapt them for the specific needs of different applications. The porous support layer 
a) b) c) d)
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is typically an ISA membrane prepared via phase inversion. The separation layer can 
be obtained via several different techniques, e.g. solution coating, spin coating, 
interfacial polymerisation and plasma deposition [2,4]. ISA membranes and TFCs 
are used in reverse osmosis, gas separation and nanofiltration. 
Ceramic membranes are also classified as dense and porous. The most commonly 
used inorganic membranes are composites consisting of two or more layers. As in 
polymeric asymmetric membranes, the layers of the composite ceramic membrane 
have a different porosity and are made of different inorganic materials, typically 
metal oxides such as Al2O3, TiO2, ZrO2, SiO2 or combinations of them [5]. Different 
techniques exist for fabricating composite ceramic membranes such as slip casting, 
dip-coating, extrusion and sol-gel [4,5]. 
A comparison between the properties of polymeric and ceramic membranes quickly 
reveals that ceramic materials are superior to polymeric ones in terms of chemical, 
thermal and structural stability [2,4]. However, ceramic membranes are expensive to 
produce, difficult to handle as the materials are brittle and complicated to scale-up 
[6]. Also, fabrication of ceramic membranes suitable for the needs of RO and NF is 
limited as the packing density of the material is low [4,5]. Therefore, the majority of 
research in the field of separation technology is focused on polymeric membranes. 
1.2 Formation of ISA membranes 
1.2.1 Phase inversion process 
As mentioned above, the most widely applied fabrication technique for ISA 
membranes is the phase inversion process, which entails a change in polymer phase 
from liquid to solid. The solidification process is preceded by phase separation – a 
one-phase liquid polymer solution de-mixes into two different phases: a polymer-rich 
phase, which forms the membrane matrix and a polymer-poor phase, which forms 
the pores of the membrane. Phase inversion can be achieved via several ways, as 
shown in Table 1 below [1]. 
  
Literature review 
4 
 
Table 1: Phase inversion procedures and processes [1]. 
Procedure Process 
Immersion precipitation The applied polymer solution is immersed in a non-
solvent bath, usually water. Absorption of water and 
loss of solvent cause a rapid polymer precipitation 
from the top layer to the bottom. 
Water vapour precipitation The applied polymer solution is placed in a humid 
atmosphere. Absorption of water vapour causes 
polymer precipitation. 
Solvent evaporation The polymer solution used contains a mixture of 
solvents. Evaporation of one of the solvents after 
applying the polymer film changes the solution 
composition and results in precipitation. 
Thermal gelation The polymer is applied hot and the cooling causes 
precipitation. 
The membrane first used by Loeb and Sourirajan [3] was prepared via the immersion 
precipitation technique for the purposes of sea water demineralisation with reverse 
osmosis. This is still the most commonly used procedure and will be described in 
further detail here. First, a polymer of interest has to be dissolved in a suitable 
solvent. The best solvents for polymer solutions are aprotic solvents such dimethyl 
formamide (DMF), dimethyl acetamide (DMAc) and dimethyl sulfoxide (DMSO) [1,7] 
and the usual polymer contents vary from 15 to 25 wt% depending on the desired 
application. After obtaining a homogenous polymer solution, it needs to be spread 
evenly across a non-woven material. This is done using a casting knife which can 
form a precise gap between the blade and the flat surface. Usual thicknesses are 
between 50 and 300 µm in order to allow the formation of defect free films. Prior to 
immersion in a non-solvent bath (typically a water bath), partial evaporation of 
solvent can be allowed. Immersing the film in water causes a fast precipitation of the 
polymer, first forming the dense skin layer. This layer slows down the access of 
water into the sub-layers, forming the porous structure. Casting can be done batch-
wise for lab-scale purposes or continuously for industrial productions. Figure 3 
shows a continuous membrane casting machine. 
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Figure 3: Schematic representation of a continuous casting machine – 1) mother roll 
with non-woven material, 2) alignment reels, 3) casting knife, 4) casting table, 5) 
non-woven membrane support, 6) collection roll for the cast membrane, 7) motor, 8) 
non-solvent (water) bath [8]. 
Depending on the polymer solution, also called dope solution, different pore 
morphologies can be obtained and will result in different performance of membranes. 
The thermodynamic behaviour of a polymer solution during phase separation can be 
explained with ternary phase diagrams (Figure 4). The ternary phase diagram is an 
equilateral triangle in which each of the corners stands for one of the mixture 
components (polymer, solvent and non-solvent) [1,2]. The phase diagram consists in 
general of two zones – a one-phase region where all components are miscible 
(Figure 4 – areas 1, 2 and 3) and a two-phase region where phase separation occurs 
(Figure 4 – areas 4 and 5). The one-phase region can be divided in three areas 
regarding the polymer state: 1 – homogeneous solution (polymer casting solution), 2 
– solid gel and 3 – vitrification area. The two-phase region consists of: 4 – 
metastable and 5 – unstable regions, marked by the binodal and spinodal curve 
respectively [1,2]. 
In general, the thermodynamic behaviour of a polymer solution changes according to 
the dashed line in Figure 4 as more non-solvent replaces the solvent. The initial 
polymer solution, represented by point A, is located in the liquid state one-phase 
stable region. When contacted with non-solvent, the concentration of the solution 
changes according to path A – B as more non-solvent diffuses into the film. At point 
B it reaches the metastable region and phase separation starts. The path between B 
and C is the transition from the metastable to unstable region. This is marked by 
separation of the homogeneous solution in two phases – a polymer-rich (solid) and 
polymer-poor (liquid) phase. At point C, where the gelation boundary is located, the 
polymer-rich phase rigidifies and the morphology of the membrane matrix is fixed. 
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Figure 4: Schematic representation of an example three component phase diagram 
used to describe membrane formation during phase separation in non-solvent [1]. 
The well defined membrane structure is due to the formation of nuclei of the 
polymer-poor phase (between B and C) which grow until the polymer-rich phase 
solidifies [2]. The asymmetric pore distribution across the membrane is a 
consequence of the fast formation of a finely microporous surface layer which slows 
down the diffusion of non-solvent. As a result, the bottom part has more time to 
phase separate and hence larger pores are formed [1]. The final membrane is 
formed when the solvent has been replaced completely by the non-solvent and has 
the composition marked by point D (defining the overall porosity of the membrane). A 
second possible phase separation mechanism, "spinodal decomposition", takes 
place at low polymer concentrations. This occurs when the polymer solution enters 
the thermodynamic unstable region directly by crossing the critical point E. Thus, two 
continuous phases are formed instead of well-defined nuclei [2]. For better 
understanding of the phase separation process not only the thermodynamic but also 
the kinetic characteristics have to be considered. Depending on the solvents and 
additives used for film casting, two types of de-mixing occur – instantaneous and 
delayed. Figure 5 shows the composition of a cast polymer film at a given time t 
almost immediately after immersion in non-solvent. Characteristic for instantaneous 
de-mixing is that the solution is situated in the thermodynamically unstable region 
polymer
solvent non-solvent
Binodal
Spinodal
Membrane
formation path 
A
B C
D
1
2
3
4
5
4E
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almost immediately after immersion in non-solvent (Figure 5 a). This results in a fine 
porous structure of the membrane. Delayed demixing is present, when immediately 
after exposure to non-solvent the polymer state is still located in the thermodynamic 
stable region (Figure 5 b). Phase separation will start after some time when more 
non-solvent has entered the film. 
 
Figure 5: Composition across the polymer film at time t almost immediately after 
contacting with non-solvent for a) instantaneous and b) delayed de-mixing. 
1.2.2 Parameters influencing the morphology and performance of ISA 
membranes 
Several parameters impact the phase separation process and thus, the final 
membrane morphology. These parameters can be summarised in two groups: pre-
formation and post-formation. 
Pre-formation parameters: 
 polymer concentration 
 solvent/co-solvent 
 coagulation bath 
 other additives 
 evaporation step 
Post-formation parameters: 
 annealing 
 crosslinking 
 impregnation 
A high concentration of polymer in the dope will form a thicker skin layer with 
suppressed macro-voids in the substructure, while low polymer concentration 
contributes to a porous structure with macro-voids [9]. This has a direct influence on 
the membrane performance. Membranes prepared with high content of polymer 
polymer
solvent non-solvent
3
2
1
t < 1 sec
b)
1 – surface
2 – middle
3 – bottom
polymer
solvent non-solvent
3
2
1
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have low throughput and hence, are capable of rejecting solutes in the low molecular 
weight (MW) range [10]. 
The membrane structure can also be altered by the composition of the polymer 
casting solution. The addition of a volatile co-solvent to the dope solution will 
increase the concentration of polymer in the skin layer and hence create a 
membrane with lower throughput and higher rejection [2]. As reported by Kim et al. 
[11] and See-Toh et al. [12], the decreasing macro-void formation with increasing 1, 
4-dioxane (volatile co-solvent) concentration in the dope solution is due to a lower 
affinity of the co-solvent to water. This results in a shift from instantaneous to 
delayed demixing which leads to the formation of a sponge-like structure. 
Other additives to the polymer solution such as pore forming agents, inorganic fillers, 
non-solvents or other low MW polymers have a significant influence on the 
membrane formation and hence, on its separation performance [13].  
Membranes with denser separating layers can be obtained by allowing partial co-
solvent evaporation prior to immersion in the coagulation bath. This variable was 
studied by a number of authors and is a common step when preparing selective gas 
separation membranes. See-Toh et al. [10] observed no change in MWCO curves 
for P84 polyimide (PI) membranes, prepared from DMF/1,4-dioxane solutions, for 
different evaporation times. However, increasing evaporation time resulted in a 
decreased toluene flux. This could be attributed to formation of thicker skin layers for 
longer evaporation times which reduces solvent and solute fluxes at the same rate. 
During phase separation, phase demixing can be induced faster by choosing a non-
solvent with strong mutual interaction with the casting solvent. Such a system would 
lead to the formation of thin separating layers supported by a porous structure with 
macro-voids. Using the previously described ternary phase diagrams, changing 
casting solvents and/or coagulation solvents will change the membrane properties. 
Vandezande et al. [14] observed decreasing permeability for Matrimid PI membranes 
solidified in higher alcohols. The highest permeability was obtained when methanol 
was used as coagulation medium. Membranes were prepared from NMP, DMF and 
DMAc with the addition of THF as co-solvent in all cases. The highest fluxes 
regardless of the non-solvent were always obtained for DMF cast membranes and 
the lowest – for NMP cast ones. So far, parameters that influence the phase 
separation mechanism were discussed. 
Literature review 
9 
 
However, the post-formation treatment has also a significant impact on the final 
membrane structure and performance. A commonly used procedure for obtaining NF 
membranes which retain low MW solutes is thermal annealing. Such post-treatment 
step enhances the rejection performance at the expense of decreased permeability 
[2]. This is attributed to densification of the separation layer due to reorganisation of 
the polymer chains to thermodynamically favoured structures [10]. 
Chemical crosslinking is a post-formation treatment which entails the formation of 
chemical bonds between two or more polymer chains [9] and thus, changes the 
properties of the polymer. It has been shown that upon crosslinking membranes 
become chemically resistant to the casting solvents and can be used for applications 
requiring these solvents [15,16]. When compared to uncrosslinked membranes with 
the same composition, crosslinked membranes reject solutes in the low MW range at 
the expense of lower throughputs [15,17]. The crosslinking reaction is usually 
performed in a second step after the membrane is formed. Vanherck et al. [18] have 
proposed a simplified method which combines the crosslinking and the phase 
inversion in one step and thus, introduced a more economical and environmentally 
friendly procedure. 
Finally, the obtained membrane can be stored wet (water, alcohol) or dry 
(impregnated). A common problem for porous membranes is that the structure 
collapses once the membrane is dried out as there is nothing to support it. Hence, 
the structure needs to be protected with a suitable preserving agent, which has to be 
inert to the polymer and non-volatile like polyethylene glycol (PEG), polymethyl 
siloxane (PMS) or glycerol. Furthermore, impregnation of the membranes results in 
enhanced flexibility and eliminates handling issues. 
1.3 Organic solvent nanofiltration (OSN) 
Nanofiltration is a pressure-driven membrane process capable of separating solutes 
in the range from 200 to 2000 g mol-1. It is a state-of-the-art process for purification 
or separation of solutes in aqueous feed streams [19,20,21,22]. To widen the range 
of NF applications, membranes were also introduced to non-aqueous feed streams, 
a process known as organic solvent nanofiltration. Recently, the interest in OSN has 
grown exponentially and it has turned from an emerging technology [2] into a proven 
and competitive separation process with implementation potential in the 
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pharmaceutical, chemical and petrochemical industry [4,23,24,25,26]. The 
advantages of complementing or even replacing conventional separation process 
with NF and OSN are to reduce the plant size, energy consumption, waste 
production and thus the capital investment, operating costs and environmental 
issues [4,27,28,29]. 
1.3.1 ISA polymeric membranes for OSN 
The most common polymers used for the fabrication of ISA membranes used for 
aqueous applications are cellulose acetate and polysulfone [1]. However, these 
polymers are not resistant in most organic solvents and hence, the membranes used 
in RO and NF are not easily adaptable to the needs of OSN. Since the first 
introduction of membranes to non-aqueous feed streams in the sixties [4], this 
technology has advanced substantially. Membrane performance in OSN conditions 
strongly depends on the choice of polymer, which should be resistant to the solvent 
used in the application and not dissolve. Hence, other more resistant polymers are 
used for OSN membrane fabrication. A number of polymers have shown good 
compatibility with OSN processes, among them are polyimide (PI) [15,16], 
poly(ether-ether-ketone) (PEEK) [30,31,32], polyacrylonitrile (PAN) [33], polyaniline 
(PAni) [34,35] and recently, polybenzimidazole (PBI) [36,37]. Their chemical 
structures can be found in Table 2. 
Polyimides belong to a class of high performance polymers containing imide groups 
in the polymer backbone. They are known for their high thermal and mechanical 
stability as well as chemical resistance to most organic solvents [16]. PI membranes 
have been studied extensively since the first introduction of OSN as a separation 
process. Several different types of commercially available PI exist, out of which P84 
(HP Polymer) and Matrimid 5218 (Huntsman) have proven to perform well in OSN 
conditions [38]. The usual solvents in which PI dissolves are polar aprotic ones, such 
as DMF and DMSO. For a PI membrane to be stable in these solvents, it needs to 
be crosslinked; typically aliphatic diamines [15] or xylene diamines [17] are used. PI 
is stable to some extent in weak acids and low concentrations of bases, but is not 
recommended for use in inorganic acids and degrades when exposed to high 
concentrations of organic and inorganic bases [39]. 
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Table 2: Chemical structures of typical polymers used to prepare ISA membranes 
designed for OSN. 
Polymer Chemical structure 
Polyimide 
 
Poly(ether-ether-ketone) 
 
Polyacrylonitrile 
 
Polyaniline 
 
Polybenzimidazole 
 
Poly(ether-ether-ketone) is a material that possesses exceptional chemical stability 
and is insoluble in organic solvents [4], and thus, has a great potential to be used for 
the preparation of OSN membranes without the need of further chemical 
modifications. Nevertheless, this advantage of PEEK is also its disadvantage as it is 
difficult to process the polymer and form films for membranes. PEEK dissolves in 
concentrated sulphuric acid and hence, preparation of casting solutions has to be 
approached with extreme caution. Hendrix et al. [32,31] proposed to synthesise 
PEEK with a modified backbone and thus, improve solubility of the polymer in 
organic solvents and avoid the use of sulfuric acid. However, the modified polymer is 
not available commercially which limits its use for membrane material. Da Silva 
Burgal et al. [30] prepared NF PEEK membranes by simply drying the membranes 
after phase inversion without further modifications. Low degrees of sulfonation were 
crucial for chemical stability of the membranes in DMF and THF. However, the 
membranes presented extremely low permeances. 
Polyacrylonitrile is a common polymer used for aqueous and non-aqueous UF 
applications due to its hydrophilic nature, low fouling properties and good chemical 
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resistance [40,41]. However, it is difficult to reduce the pore sizes of PAN-based 
membranes to the NF range [42] and hence, this polymer is widely used as TFC 
support layer for RO, NF and OSN applications. Typically, the porous PAN support 
membrane is coated with polydimethylsiloxane (PDMS) in order to obtain composite 
membranes useful for OSN [43,44]. Although, PAN is compatible with organic 
solvents, the PDMS separation layer is known to swell extensively in non-polar 
solvents and thus, resulting in decreased rejection of low MW solutes [43]. 
Polyaniline is an intrinsically electrically conductive polymer and has been studied 
extensively for gas separations, pervaporation and ion separations [45]. The 
advantage of PAni-based membranes over others is the fact that the impregnation 
step is unnecessary to preserve their porosity in the dry state [34]. However, PAni 
forms dense films and has no solvent permeability. Hence, inducing porosity is 
crucial and is achieved by acid doping of the polymer prior to casting and 
subsequent de-doping [34,35]. Furthermore, a crosslinking step is required to obtain 
solvent stable membranes. Although, the applicability of PAni membranes to OSN 
processes has been shown in pilot scale [46], their production is cumbersome and 
their use is limited to applications requiring removal of low MW solutes. 
1.3.2 Polybenzimidazole (PBI) 
Polybenzimidazoles are a group of heterocyclic polymers which contain 
benzimidazole rings. The most commonly used representative of this class is poly-
2,2'-(m-phenylene)-5,5'-bibenzimidazole and will be referred to as PBI from here on 
(Table 2). It possesses an extremely high thermal stability (glass transition 
temperature  𝑻𝒈 = 𝟒𝟐𝟓 − 𝟒𝟑𝟓 °𝑪), mechanical resistance (retention of stiffness and 
toughness) and chemical stability towards most organic solvents, acids and bases 
[39,47,48]. 
Vogel and Marvel [49,50] first synthesised PBI using a two stage polymerisation 
approach by heating 3,3',4,4'-tetraaminobiphenyl (TAB) and diphenyl isophthalate 
(DPIP) as monomers. A pre-polymer is produced after the first stage of the process 
which contains low molecular weight polymer foams. The second step is carried out 
to increase the molecular weight of the polymer. A single-stage synthesis method 
was later developed by Choe [51] replacing the DPIP with isophthalic acid (IPC) and 
using a catalyst based on phosphorus. This method is preferred in industrial 
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synthesis of PBI. Iwakura et al. [52] suggested a PBI synthesis carried out in a 
homogeneous solution by using polyphosphoric acid (PPA) as a solvent. This 
procedure has the advantages of producing high molecular weight polymers using 
moderate temperature. 
As a membrane material, PBI has been studied extensively for reverse osmosis 
[53,54,55,56]. More recently, PBI has gained much attention for applications in gas 
separation [57,58], aqueous NF [59], fuel cells [60,61] and OSN [36,37,62] due to its 
outstanding properties (thermal, mechanical and chemical stability in corrosive 
environments). PBI dissolves in strong acids, bases and a few organic solvents, so 
that PBI-based membranes can be cast from their solutions. The most commonly 
used methods are casting from N,N-dimethylacetamide (DMAc), trifluoroacetic acid 
and phosphoric acid, PPA and from alkaline solutions (mixture of NaOH and ethanol) 
[47]. 
Several crosslinking procedures have been proposed to improve the properties of 
PBI membranes, among them are 1,4-divinylsulfone [63], sodium azide [64], 
glutaraldehyde and 1,2,7,8-diepoxyoctane [37], 1,4-dibromobutane (DBB) [36,58] 
and p-xylylene dichloride [59,65]. In a patent, Bhole and Livingston [36] disclosed the 
fabrication of ISA PBI membranes crosslinked with DBB for OSN and report 
filtrations in acetone, THF, dichloromethane (DCM) and DMF. 
1.3.3 Commercial OSN membranes 
The market for OSN membranes is still a small niche in the membrane industry, as is 
evident by the few commercially-available OSN membranes. Therefore, the existing 
commercial membranes are not covering the whole range of possible OSN 
separations. Often, the membranes and the process need to be developed from lab-
scale to industrial-scale targeting a specific application. The membranes developed 
for OSN until now include Koch SelRO, Starmem, DuraMem, PuraMem and SolSep 
which are polymeric ISA or TFC membranes and the ceramic Inopor series [4,66]. 
The Koch SelRO series was the first range of OSN membranes to enter the market, 
but were withdrawn subsequently as the revenue was too small. The SelRO 
membranes are TFC membranes made of PDMS-coated PAN. They are claimed to 
be stable in a variety of solvents including alcohols, aromatics and alkanes. 
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The Starmem membrane series by W.R. Grace & Co. was distributed by Membrane 
Extraction Technology (MET) in Europe but is now discontinued. These membranes 
are hydrophobic ISA PI membranes and are stable in solvents like toluene, hexane 
ethyl acetate and ethanol. The largest successful application of OSN at industrial 
scale is the Max-DewaxTM process for lube oil refinery [24] where Starmem 
membranes were used. 
DuraMem and PuraMem are currently sold by Evonik-MET and are ISA crosslinked 
and uncrosslinked PI membranes, respectively. The DuraMem series is developed to 
target separation applications in solvents like ethanol, THF, acetone as well as harsh 
solvents like DMF and DMSO. The uncrosslinked PuraMem series is available as 
ISA and rubber-coated TFC membrane and can be used in hexane, heptane, 
toluene and other non-polar solvents. Both ranges are not recommended for 
chlorinated solvents and strong amines. 
The composition of the SolSep OSN membranes is unknown. They are claimed to 
be stable in alcohols, esters, ketones, aromatics and chlorinated solvents. 
1.4 Membrane characterisation techniques 
The properties of membranes need to be characterised in order to gain insight into 
their formation mechanism and structure which would lead to better understanding 
and prediction of their performance. The characterisation tools can be divided into 
two groups: performance and structurally related techniques. 
1.4.1 Characterisation of performance parameters 
The performance of membranes is characterised during filtration experiments and 
two features are measured: permeance and rejection. The permeance B is defined 
as the volumetric flow rate of solution per unit membrane area per unit pressure 
drop. In general, the flux J is measured (Eq. 1) at a given pressure Δp and hence, 
the permeance B can be calculated (Eq. 2). 
𝑱 / 𝐿 𝑚−2 ℎ−1 =
𝑉
𝐴. 𝑡
  Eq. 1 
𝑩 / 𝐿 𝑚−2 ℎ−1 𝑏𝑎𝑟−1 =
𝐽
∆𝑝
  Eq. 2 
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where V is the collected permeate volume, A – the effective membrane area, t – the 
time and Δp – the applied trans-membrane pressure. 
Feed and permeate samples are taken at different time intervals during a filtration 
experiment to determine the rejection Ri, which is calculated using Eq. 3, where Cp,i 
and Cf,i represent the concentration of solute i in the permeate and the feed, 
respectively. 
𝑹𝒊 / % = (1 −
𝐶𝑝,𝑖
𝐶𝑓,𝑖
) . 100  Eq. 3 
If a homologous series of solutes is used for filtration purposes, the rejection of each 
component can be calculated and plotted against its corresponding molecular weight 
yielding in a rejection profile for the membrane (Figure 6). An important parameter is 
the molecular weight cut-off (MWCO), defined as the lowest molecular weight solute 
that is 90% retained by the membrane. Although the MWCO is commonly used to 
characterise membranes, it has to be considered that the rejection of solutes 
strongly depends on their shape, size, charge and solvent they are dissolved in. The 
MWCO of a membrane needs to be reported along with the solute and the solvent. 
 
Figure 6: Common rejection profile of an OSN membrane with indication of the 
MWCO at 500 g mol-1. 
1.4.2 Characterisation of structural parameters 
The structural parameters include pore size distribution, pore shape, surface 
roughness, overall membrane thickness, chemical composition and hydrophilicity. 
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The membrane performance is strongly dependent on these parameters and they 
can be measured using several techniques. 
Fourier transform-infrared spectroscopy (FT-IR) 
FT-IR is a technique for analysis of samples with unknown chemical composition. By 
passing IR radiation through a sample, certain wavelengths are absorbed and other 
are transmitted. The absorption/transmission of wavelengths is dependent on the 
functional groups present in the analysed sample and hence, every material has its 
own fingerprint spectrum. FT-IR is used for membrane characterisation to confirm 
polymer chemistry, presence of new formed bonds during crosslinking or 
presence/absence of additives in the membrane matrix. 
Elemental microanalysis 
Elemental microanalysis is an analytical technique used for finding the relative 
amounts of carbon (C), hydrogen (H), nitrogen (N), sulfur (S), oxygen (O) and 
halogens [67]. For the analysis of C/H/N/S/O, the sample is first weighted and then 
burned off until gaseous oxides are formed which are then detected and quantified. 
The gases that are formed in the combustion tube are passed through a gas 
chromatography (GC) column and are detected by thermal conductivity. Samples 
containing halogenated compounds are analysed by combustion in the presence of 
oxygen, followed by absorption in an alkali solution and then, the relative amount of 
a halogen element is quantified by titration. In the case of bromine (Br), the 
absorption solution is sodium chlorate(I) in water, the titrant is sodium thiosulfate and 
as indicator iodine or starch are used. At equilibrium, the solution turns from blue to 
colourless. 
Contact angle 
The contact angle is used to determine the hydrophilicity or wettability of a solid 
surface and can be measured by placing a liquid drop on the surface (Figure 7) [68]. 
The angle θ that is formed between the liquid-vapour interface and the solid surface 
is called contact angle. An ideally hydrophilic surface has a contact angle of 0o. 
However, typical polymeric membranes are not ideal hydrophilic surfaces and 
some degree of hydrophobicity occurs. As a rule of thumb it can be 
considered, that a small contact angle (< 90o) is formed when the surface tends to 
be more hydrophilic and wetting with the liquid is favourable (Figure 7 a), while a 
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large value (> 90o) indicates a more hydrophobic surface with low wettability (Figure 
7 b). 
 
Figure 7: Schematic representation of contact angles θ formed by sessile liquid 
drops and a) a more hydrophilic surface and b) a more hydrophobic surface. 
The contact angle θ between a liquid drop and a solid surface is described 
mathematically by the mechanical equilibrium of the drop under the action of three 
interfacial tensions [68] and is known as Young's equation (Eq. 4): 
𝛾𝐿𝐺 . 𝐜𝐨𝐬 𝜽 = 𝛾𝑆𝐺 − 𝛾𝑆𝐿 Eq. 4 
where γLG, γSG and γSL are the liquid-gas, solid-gas and solid-liquid interfacial 
tensions, respectively. 
The contact angle is usually measured by the sessile drop method when the solid 
material is in dry state, but can also be determined in the wet state using the captive 
bubble method [68]. 
Scanning electron microscopy (SEM) 
SEM is a technique which allows recording of images of materials down to the 
nanoscale [69]. In SEM, a sample is bombarded with a beam of high energy 
electrons in vacuum. As a result electrons are absorbed or scattered by the material 
and the image of the sample is then created from the emitted secondary electrons. 
The secondary electrons are ejected at low energy imaging mode (around 50 kV). 
This applied voltage reaches only the atoms located within a few nanometres from 
the sample surface. This needs to be considered when SEM images of polymeric 
materials are taken, as they are not conductive and need to be coated with 
conductive materials such as gold particles. Therefore, the features that are seen on 
SEM images of polymeric membranes are the features coated by the conducting 
particles. Another problem arises from the applied voltage which determines the 
image resolution; the higher the voltage the better the resolution. Polymeric materials 
θ
γLG
γSGθ
γSL
hydrophilic surface
θ < 90о
hydrophobic surface
θ > 90о
a) b)
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are damaged by high voltages and thus, voltages of up to 10 kV are used. This in 
turn means that only macrostructures of the membrane can be seen (around 5 nm). 
The pores of OSN membranes located in the separation layer of the membrane are 
believed to be between 0.5 and 2 nm [70] and are not visible on SEM images. 
Nevertheless, SEM images give an estimate of the thickness of the separation layer 
and the structure of the support layer (macro-void or sponge-like). 
Solubility parameter 
The solubility parameter δ is a measure for the interaction force between the 
molecules in a given molecular structure [71]. This parameter can be applied to 
membranes, expressing the interaction force between the polymer molecules 
themselves as well as between the polymer molecule and the solvent molecule. In 
other words, the solubility parameter can predict the ability of a solvent to swell a 
polymer, which allows for assumptions about the structures formed in a membrane 
during phase inversion [38] and the solvent permeation through the membrane [72]. 
Several methods exist to calculate the solubility parameter of a material. The most 
detailed description is given by Hansen [73]. The Hansen solubility parameter δt,i is 
described by three partial solubility parameters accounting for dispersion forces δd,i, 
polar forces δp,i and hydrogen bonding δh,i (Eq. 5). 
√𝜹𝒕,𝒊
𝟐  / 𝑀𝑃𝑎1/2 = √𝛿𝑑,𝑖
2 + 𝛿𝑝,𝑖
2 + 𝛿ℎ,𝑖
2   Eq. 5 
The difference between solubility parameters Δδi,j of two of the components can be 
used as a measure of their thermodynamic affinity (Eq. 6). In terms of polymers and 
solvents, a low Δδi,j value means good solubility. 
∆𝜹𝒊,𝒋 / 𝑀𝑃𝑎
1/2 = |𝛿𝑡,𝑖 − 𝛿𝑡,𝑗| Eq. 6 
In membrane fabrication, three mutual parameters are important: polymer/solvent 
P/S, polymer/non-solvent P/NS and solvent/non-solvent S/NS. ΔδS/NS describes the 
solvent/non-solvent exchange rate during immersion of the polymer film in the 
coagulation bath. High values of this parameter mean a low affinity between the 
solvent and the non-solvent which means that the non-solvent will diffuse slower into 
the polymer and delayed de-mixing will lead to the formation of a less porous 
separation layer. ΔδP/S is related to the polymer/solvent affinity and a low value 
represents a thermodynamically suitable solvent in which the polymer is in a 
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"relaxed" state and the contact between solvent and polymer is favoured. A high 
value, on the other hand, means that the solvent is poor and polymer chain 
aggregation occurs. ΔδP/NS is related to the polymer/non-solvent affinity. A low affinity 
between polymer and non-solvent favours instantaneous de-mixing, which in turn 
results in the formation of loose membranes. Soroko et al. [38] showed for 
PI/solvent/non-solvent systems that an increase of ΔδP/S and ΔδS/NS, and a decrease 
of ΔδP/NS results in the formation of tight membranes. 
1.5 Transport models in membranes 
The driving force for transport through membranes is a gradient in chemical potential 
of a solute between both sides of the membranes. This can be a pressure, 
temperature, concentration or electric potential difference. Two mathematical models 
are used to describe the permeation of species through membranes: solution-
diffusion [74] and pore-flow models [75], which are based on different mass transfer 
principles and hence, different assumptions are made [1]. Solute transport via 
solution-diffusion occurs by dissolution of the solute in the membrane material and 
its diffusion due to a concentration gradient, the pressure is assumed to be constant 
across the membrane (Figure 8). The pore-flow model postulates constant 
concentration of species across the membrane and the transport is a pressure-
driven convective flow through the pores (Figure 8). 
 
Figure 8: Mass transport of species through membranes according to solution-
diffusion and pore-flow model assumptions [1]. 
The transport mechanism in nanofiltration processes is believed to be in the 
transition zone between solution-diffusion and pore-flow. Silva et al. [76] found a 
good correlation for solvent mixture fluxes between experimental data for 
StarmemTM 122 and the solution-diffusion model, as compared to that predicted by 
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the pore-flow model. See-Toh et al. [10] used the models to describe PI P84 
membrane performance with changing polymer concentration. Both solution-diffusion 
and pore-flow models could explain well the change in performance related to 
changed membrane morphology. 
1.6 Design of experiments (DoE) 
DoE is a systematic approach for evaluating cause and effect relationships in order 
to understand and optimise a process [77]. The conventional approach is based on 
varying one factor at a time which can be very inefficient for a complex system, such 
as membrane formation, where many parameters play a role in the final 
performance. DoE methods allow for the simultaneous variation of all factors, 
randomisation and replication of experiments as well as analysis of the results and 
optimisation of the process. Such an approach is time and cost efficient, as it works 
with a reduced number of experiments. 
When using DoE methods for data collection and analysis, planning the experiments 
in advance is crucial to obtaining reliable information in the most efficient way. This 
means to define the goals of the research, how to collect the data and which factors 
could have an effect on the responses. The variables (factors) of choice need to be 
controllable (adjustable at different levels) and measured with a high level of 
precision, independent of other factors and feasible to execute for all possible factor 
combinations. The actual combinations of factors and the order of the experiments 
are based on randomisation, which means that the experimental conditions from 
previous experiments should not affect the current or future experiments. In addition, 
replication of experimental runs needs to be included to determine the random error 
resulting from external conditions. The variables need be orthogonal with respect to 
each other, i.e. they should be uncorrelated. 
The collected responses yield an approximated polynomial function, in which 
estimated regression coefficients from the results are used. Typically, first- and 
second-order mathematical models are used to accomplish this. A full factorial 
design or fractional factorial design is used to obtain first-order (linear) models and 
response surface models are used for second-order (non-linear) models. 
For simplicity and when the effect of the variables on the response is unknown, the 
experimental design starts by choosing a linear regression model. This type of model 
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is obtained by performing a full factorial experiment (FUFE) or a fractional factorial 
experiment (FRFE) which is a definite part of a FUFE design. Characteristic for a 
FUFE is that all possible combinations of levels of factors are performed and the 
results are evaluated using statistical analysis. The number of FUFE experimental 
points N is calculated using Eq. 7: 
𝑵 = 𝑝𝑘 Eq. 7 
where k is the number of factors and p is the number of levels, which in most cases 
is two. If k is a large number, the FUFE will yield a large number of experimental 
runs and is therefore reduced to a FRFE. Assuming an experimental design, in 
which the number of factors k is 3 and the number of levels p is 2, the number of 
experiments N needed to perform a FUFE equals 8 (Eq. 7). The number of 
experiments can be reduced from 8 to 4 by applying a FRFE (Figure 9). 
 
Figure 9: Design points for a) full factorial experimental design and b) fractional 
experimental design where the number of factors k is 3 and the number of levels p is 
2. The red point represents the centre point of the design space. 
The first-order mathematical model obtained by either using FUFE or FRFE designs 
is described as: 
?̂? = 𝑏0 + ∑ 𝑏𝑖𝑋𝑖 + ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗
𝑘
𝑖,𝑗
𝑘
𝑖
 Eq. 8 
where Ŷ represents the response value, bi and bij are regression coefficients of 
single factor effects and double factor interaction effects, respectively and Xi and Xj 
are independent parameters. 
In case the screening stage of factors and their influence on the responses yields a 
non-linear dependence (a curvature is present), the first-order model should be 
extended to a second-order model. Usually a response surface method (RSM) is 
applied to achieve this. In RSM, a computer algorithm is used to obtain a D-optimal 
A
B
C
(-1,1,-1) (1,1,-1)
(1,-1,-1)
(1,-1,1)(-1,-1,1)
(-1,1,1) (1,1,1)
(-1,-1,-1)
(0,0,0)
A
B
C
(-1,1,-1)
(1,-1,-1)
(-1,-1,1)
(1,1,1)
(0,0,0)
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type design. Its matrix of experimental points is non-orthogonal, i.e. the factors are 
varied over more than two levels which can be located inside or outside the 
previously defined design space in accord with the experimental conditions. The 
quadratic model, obtained using a D-optimal design, is: 
?̂? = 𝑏0 + ∑ 𝑏1,𝑖𝑋𝑖 + ∑ 𝑏2,𝑖𝑋𝑖
2 +
𝑘
𝑖
∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗
𝑘
𝑖,𝑗
𝑘
𝑖
 Eq. 9 
After obtaining the regression coefficients from either Eq. 8 or Eq. 9, a statistical 
analysis is done by evaluating the significance of the regression coefficients, 
determining the experimental error and the lack-of-fit. A regression coefficient is 
considered statistically significant if its absolute value is higher than the confidence 
interval α [77] which is derived from the variance. After a regression coefficient is 
determined statistically significant, its value shows the magnitude of influence of the 
associated factor on the response. As a result, the higher the value is, the greater is 
the influence of the associated factor on the response. The sign of the coefficient 
indicates the influence of the corresponding factor on the response, i.e. if the sign is 
positive, increasing the factor causes an increase of the response and vice versa; if 
the sign is negative, an increase of the factor results in a decrease of the response. 
Also, it is possible to identify interactions between parameters, which is not possible 
when the one-factor-at-a-time approach is used. Interaction between parameters is 
the combined change of two factors that have a positive or negative effect on the 
response, which is more pronounced than the effect of just one of the parameters. 
Analysis of variance (ANOVA) is performed to evaluate the quality of the model in 
terms of coefficient of determination R2 and lack-of-fit based on the F-test. The value 
of R2 indicates the goodness of fit and a value closer to 1 is desired. The lack-of-fit 
shows the probability with which the difference between experimental points and 
predictions is due to random variation. For this reason, replications of experimental 
runs are essential in DoE. 
DoE have been used to successfully identify important factors in the fields of drug 
discovery [78], chromatography [79] and in various engineering disciplines [80]. A 
few publications in the area of membrane nanofiltration have shown successful 
applications of DoE. Marchetti et al. [28] investigated the OSN downstream 
processing of organic solutions containing peptides using DoE methods. Desired 
high permeance and high peptide rejection were found to be strongly dependent on 
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the composition of the feed stream. Phenomenological interpretations of the 
statistical models were given, so that the transport mechanism of solutes through the 
particular membrane could be understood. In another study, Marchetti et al. [29] 
reported the production of a peptide using a newly introduced concept called reactive 
peptide nanofiltration. Peptide concentration, pH, pressure, pump frequency and 
acetonitrile/water feed composition were the parameters investigated using DoE 
methods to find the best conditions for high permeance and high peptide rejection. 
Moreno-Vilet et al. [81] used DoE methodology to screen and identify the factors 
influencing the separation of different MW carbohydrates using nanofiltration. 
1.7 Current challenges in OSN 
For membranes to be applicable in OSN, they have to meet several criteria which 
are challenging in terms of material, structure and performance. 
a) Chemical stability 
The solvent stability of the polymer and non-woven material is crucial for the 
membrane performance. The polymer has to be easy to process, e.g. it has to 
dissolve in common organic solvents. Furthermore, the polymer chemistry has to 
have reactive functional sites for modification and further solvent stability 
improvement. Additional requirements are stability in extreme pH conditions and 
during solvent switches. 
b) Mechanical Properties 
The polymer of choice has to be able to form defect-free, flexible films and withstand 
operation pressure and temperature, without delaminating from the non-woven 
material and compromising performance. 
c) Selectivity 
Regarding the performance, an ideal membrane has to offer sharp selectivity 
between target molecules and undesired compounds (Figure 10). Assuming a target 
molecule A with MW of 600 g mol-1 and a waste compound B with MW of  
250 g mol-1, a membrane with sharp selectivity (red line in Figure 10) will provide 100 
% retention of A and pass all species B through. Unfortunately, in reality the 
membrane (blue line in Figure 10) will retain molecule A by 95 % and also retain 20 
% of the undesired molecule B. Such separation will result in expensive product 
losses and incomplete purification. To address this challenge, besides working on 
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improving the membrane itself, process related optimisations can be undertaken. A 
diafiltration or cascade configuration of two or more membrane stages could 
minimise losses [82]. 
 
Figure 10: Comparison between MWCO curves of an ideal membrane and a typical 
OSN membrane. 
d) Permeance 
A common issue using membranes in the lower MW NF range is the low 
permeability. Separations need to be time efficient and hence, a highly permeable 
membrane coupled with high rejections is desired. Typical NF membranes always 
present a trade-off between rejection and flux. Another common problem of ISA 
membranes is their pore compaction during filtration. This effect results in lower 
permeability as well as higher retention of undesired solutes. 
Although the challenges listed above have been addressed in many ways, there is 
still room for improvement of currently available membranes in terms of materials 
and performance. Furthermore, relatively little research has been done to 
understand how the membrane fabrication, structure and operation influence the 
separation performance. 
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2 Research motivation and objectives 
2.1 Research motivation 
Many pharmaceutical and chemical processes require separations at different stages 
of their production. Industrial applications often involve separation between dissolved 
molecules in the range of 200 – 2000 g mol-1. Membrane nanofiltration (NF) can 
provide the necessary discrimination between solutes in this range. Research has 
been focused mostly on developing polymeric NF membranes for filtrations in 
aqueous environments. Although implementation of NF membranes in non-aqueous 
filtrations could offer potential benefits, their use has so far been limited by the lack of 
solvent-stable materials. However, organic solvent nanofiltration (OSN) has gained 
interest in recent years and much research has been carried out to improve chemical 
resistance of membrane materials. 
The project aimed to investigate the potential of polybenzimidazole (PBI) as a new 
material for OSN. This polymer has been studied thoroughly for other membrane 
based processes, such as gas separation, fuel cells, aqueous NF and other. This 
project is built on that knowledge in order to expand the application possibilities of 
PBI membranes and possibly to contribute to wider implementation of membrane 
technology in separation processes. 
2.2 Objectives 
Objective 1: Improvement of the chemical stability of PBI membranes in organic 
solvents, specifically in polar aprotic solvents, which degrade the membrane integrity 
and performance (Chapter 3). 
Objective 2: Definition of the crosslinking reaction mechanism and isolation of the 
factors that influence the degree of crosslinking (Chapter 4). 
Objective 3: Improvement of membrane selectivity towards solutes with similar 
molecular weights by utilisation of charge-driven transport through PBI membranes 
via ion exchange (Chapter 5). 
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Objective 4: Gain control over the molecular weight cut-off (MWCO) of PBI 
membranes by changing the composition of the polymer casting solution (Chapter 
6). 
Objective 5: Definition of correlations between membrane performance, solvent 
properties, average pore sizes and membrane morphology (Chapter 6). 
2.3 Thesis structure 
Chapter 1 
A literature review of membranes and membrane processes is presented in this 
chapter. The general experimental and theoretical background on membrane 
formation and function is summarised. 
Chapter 2 
The research motivation and scope of the thesis are given in this chapter. 
Chapter 3 
This chapter discusses the improvement of the chemical resistance of PBI 
membranes in organic solvents, such as polar aprotic solvents which dissolve the 
polymer (Objective 1). The stability of the polymer in the chosen organic solution 
plays a key role in the performance of the membrane. In order to obtain a membrane 
stable towards harsh organic solvents, the main post-formation treatment used is 
chemical modification of the polymer by crosslinking the chains with each other or by 
functionalising the groups present. For this purpose, two crosslinking agents – 
dibromobutane (DBB) and dibromoxylene (DBX) – were studied and the membranes 
were tested in realistic conditions of pharmaceutical and chemical processes which 
also employ solutions of acids and bases. The membranes were characterised 
based on the structural and performance parameters. 
Chapter 4 
The work presented in this chapter was a direct outcome of the findings in the 
previous chapter. The crosslinked membrane which showed better solvent stability 
was used for further investigation. The aim was to gain deeper understanding of the 
reaction mechanism and isolate the factors that influence the degree of polymer 
crosslinking (Objective 2). This information is crucial for the development of 
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chemically robust, reproducible and scalable PBI membranes. Five essential 
reaction factors were studied: time, temperature, excess and concentration of 
crosslinker and reaction solvent. The strategy used in this chapter was to analyse 
the results using statistical tools. This approach had two advantages. First, the 
number of experiments to be carried out was reduced and time and resources were 
saved. Secondly, using the obtained mathematical models, cause and effect 
relationships were evaluated. The resulted membranes were also compared 
between each other based on their physical and chemical changes, as well as their 
OSN performance. This chapter also discusses the crosslinking reaction mechanism 
in more detail. 
Chapter 5 
In this chapter the aim was to tackle the insufficient selectivity challenge and by 
exploring the transport of charged species through PBI membranes via ion exchange 
(Objective 3). The utilisation of the charged character of the membrane could provide 
a better separation between molecules with similar molecular weights, a task that is 
difficult to achieve with currently available membranes. To illustrate this, 
uncrosslinked (uncharged) and crosslinked (charged) PBI membranes were 
employed to separate neutral and charged solutes with similar molecular weights. 
Furthermore, the charges on the polymer backbone were modified by applying 
different treatments with acidic and basic solutions. Filtration data and findings were 
summarised. 
Chapter 6 
This chapter discusses the potential to win control over the molecular weight cut-off 
(MWCO) of PBI membranes. The aim of this study was to achieve membranes with 
different separation properties by simply changing the polymer casting solution and 
to design a more versatile membrane (Objective 4). It has been shown previously 
that the solvents and co-solvents used to cast polymers have a significant influence 
on the morphology and hence, on the membrane separation performance. This 
approach was be used here to obtain PBI membranes with tuneable MWCOs. The 
structural and performance related changes of crosslinked PBI membranes were 
studied thoroughly. Correlations between membrane performance, solvent properties 
and average pore sizes and membrane morphology were sought (Objective 5). 
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Chapter 7 
Finally, a summary of this work is presented in this part, as well as directions for 
future work on developing and scaling up PBI membranes are provided. 
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3 Chemical stability of crosslinked PBI membranes 
3.1 Abstract 
This chapter describes a new class of OSN membranes fabricated from PBI which 
exhibit superior chemical stability compared to other well-known polymeric 
membranes such as PI. ISA PBI membranes were prepared and crosslinked using 
either an aliphatic or an aromatic bifunctional crosslinker. Three batches of 
membranes with the same composition were prepared and crosslinked with each 
crosslinker. The membrane performance showed excellent reproducibility in organic 
solvents and water in terms of flux and retention profile. Also, both membranes 
showed good tolerance towards extreme pH conditions. To critically assess their 
chemical stability, the membranes were tested in realistic chemical process 
conditions that employ different types of acids and bases, e.g. concentrated 
dichloroacetic acid in acetonitrile, piperidine in DMF and monoethanolamine in water. 
The membranes modified with aliphatic crosslinker could not retain their properties 
when DMF was used as the organic solvent. This was found to be due to dissolution 
of PBI in DMF rather than polymer degradation due to acid and base exposure. On 
the other hand, it was shown that the membrane modified with the aromatic 
crosslinker exhibited superior stability and higher permeances in comparison to the 
membrane crosslinked with the aliphatic crosslinker. The results showed that 
membranes fabricated from crosslinked PBI were stable and have potential for 
applications in chemically harsh conditions found in processes ranging from 
pharmaceutical to petrochemical industries. 
3.2 Introduction 
NF is already a state-of-the-art process for water purification and water treatment 
[20,21]. However, the available NF and RO membranes are in most cases not stable 
in harsh and corrosive environments typically required for OSN [2]. The solvent and 
pH resistance of the membrane is one of the main challenges for implementing OSN 
in relevant processes. Inorganic materials are ideal for such conditions, since they 
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do not easily dissolve or deform in organic solvents. On the other hand, they are 
difficult to fabricate, handle and are more expensive as compared to organic 
membranes [2,4,6]. For this reason the majority of reported OSN membranes are 
made out of polymeric materials. 
The most exhaustively studied polymer for application in OSN is PI [2,15,17]. The 
usual solvents in which PI dissolves are polar aprotic ones, such as DMF and 
DMSO, and these are typically used in membrane fabrication. For a PI membrane to 
be stable in applications using these solvents, it needs to be chemically crosslinked 
with diamines [15,16,17]. PI is stable to some extent in weak acids and low 
concentrations of bases, but is not recommended for use in inorganic acids and 
degrades when exposed to high concentrations of organic and inorganic bases [39]. 
A few polymeric membranes have been reported in the literature which can 
withstand either acids or bases in aqueous feed streams [83,84,85]. However, these 
membranes are based on sulfonated poly(ether-ether-ketone) (SPEEK) or 
polysulfone (PSf), which will not withstand many organic solvents. Hence, there is a 
need for alternative membrane materials which can withstand both organic solvents 
and acidic/basic conditions. Surface crosslinked chitosan/PAN composite NF 
membranes have been shown to maintain their stability under basic pH and in 
several important organic solvents [86]. However, the acid/base resistance was 
demonstrated only in aqueous media. Recently, da Silva Burgal et al. [30] introduced 
NF membranes based on PEEK which were found to be stable in polar aprotic 
solvents as well as various acids and bases. However, the membranes showed very 
low permeances between 0.07 and 0.21 L m-2 h-1 bar-1. 
PBI has been studied extensively for reverse osmosis [53,54,55,56]. More recently 
PBI has gained much attention for applications in gas separation [57], aqueous NF 
[59], forward osmosis [87] and fuel cells [60,61] due to its outstanding properties 
(thermal, mechanical and chemical stability in corrosive environments) [47]. In 
addition, PBI has the advantage of possessing excellent stability towards acids and 
bases [39]. 
PBI dissolves in polar aprotic solvents, such as DMAc, N-methylpyrrolidone (NMP) 
and DMSO, from which dope solutions can be prepared and cast. Uncrosslinked PBI 
hollow fiber membranes were shown to be effective in the removal of chromate from 
alkaline wastewater [88]. PBI flat sheet membranes crosslinked with α,α’-dichloro-p-
xylene were reported for the concentration and separation of cephalexin from 
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aqueous solutions over a pH range from 2 to 10 [59]. Similarly to polyimide 
membranes, unmodified PBI membranes cannot be used for polar aprotic solvents. 
Several chemical modification procedures have been reported in the literature 
including treatment of PBI membranes with 1,4-dibromobutane [36]. 
In this study, the fabrication and performance of crosslinked PBI NF membranes for 
applications in organic solvents containing acids or bases is reported. The conditions 
of two pharmaceutical and one chemical process have been chosen to demonstrate 
the solvent and acid/base resistance of the prepared membranes. Also, the batch to 
batch reproducibility of crosslinked PBI membranes has been evaluated. The 
membranes were characterised with FTIR, contact angle measurement and SEM. 
3.3 Experimental 
3.3.1 Materials 
Celazole® S26 polybenzimidazole (PBI, MW = 27 000 g mol-1) solution was 
purchased from PBI Performance Products Inc. (USA). The solution contains 26 wt% 
polymer solids and 1.5 wt% lithium chloride (stabiliser) dissolved in DMAc. Non-
woven polypropylene fabric Novatexx 2471 was from Freudenberg Filtration 
Technologies (Germany). All solvents such as DMAc, propan-2-ol (IPA), acetonitrile 
(MeCN), DMF were HPLC grade and were used as received from VWR (UK). The 
chemicals for crosslinking were α,α’-dibromo-p-xylene (DBX) and 1,4-dibromobutane 
(DBB) from VWR (UK) and Sigma Aldrich (UK), respectively. Polyethylene glycol 
(PEG) of three different molecular weights was purchased from VWR and Sigma 
Aldrich (UK). Dichloroacetic acid (DCA) and piperidine (PIP) were both from Sigma 
Aldrich (UK); monoethanolamine (MEA) was from VWR (UK). De-ionised water was 
produced by passing tap water through a RO filtration unit. 
3.3.2 Fabrication of ISA PBI membranes and chemical crosslinking 
Celazole® S26 was diluted with DMAc to 17 wt% polymer concentration and stirred 
continuously at 21 ± 0.5 °C until a homogeneous dope solution was obtained. The 
polymer solution was then left overnight to remove air bubbles. Membranes were 
cast on non-woven polypropylene using a bench top laboratory casting machine with 
adjustable knife set at 250 µm (Elcometer UK). Following this, the membranes were 
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immersed in a water precipitation bath at 22 ± 1 °C for 24 h, and subsequently 
washed with IPA to remove residual solvent and water. The viscosity of the dope 
solutions was measured using a rotary viscometer Model 2020 from Cannon 
Instrument Company (USA) with a spindle size 16 suitable for high viscosities. All 
viscosities were recorded at 10 rpm spindle speed and at 21 °C. 
Membranes were crosslinked by immersion in a solution containing 3 wt% DBX or 10 
wt% DBB in acetonitrile (Figure 11). The reaction was carried out at 80 °C for 24 h 
under constant stirring and reflux. 
 
Figure 11: Chemical crosslinking scheme of 2,2-(m-phenylene)-5,5-bibenzimidazole 
(PBI) with α,α’-dibromo-p-xylene (DBX) or 1,4-dibromobutane (DBB). a) reaction as 
reported in the literature and b) possible further alkylation, resulting in quaternisation 
at the benzimidazole moiety. 
The proposed crosslinking reaction scheme in the literature is as shown on Figure 11 
a) [59,65]. However, it is likely that the reaction continues further and quaternisation 
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at the benzimidazole moiety could be expected (Figure 11 b)) [89,90,91]. This will be 
discussed in detail in Chapter 4. 
After crosslinking, the membranes were first immersed in IPA to remove residual 
reagents and later on impregnated with PEG400 by immersion in a PEG400/IPA (1:1) 
solution for 4 h to preserve the pore structure and allow dry storage. After obtaining 
the final membrane, the thickness was recorded using a digital micrometer 
purchased from Mitutoyo (UK). The stated membrane thicknesses include the 
impregnated polymer film and the non-woven polypropylene and are the mean 
between six measured points in different parts of the membrane sheet. 
3.3.3 Selection of model solutions 
Typically, a range of polystyrene (PS) [92] or polyethylene glycol (PEG) oligomers 
[93] is used to determine the rejection performance of OSN membranes. The main 
advantage of both methods is that the rejection of a range of homologous solutes 
can be analysed simultaneously, and a MWCO curve can be obtained for each 
membrane. Also, both types of oligomers are soluble in a wide variety of organic 
solvents. However, PS solutes are more expensive and not soluble in water due to 
their hydrophobic character. Since the application of crosslinked PBI membranes is 
intended for but not limited to iterative synthesis of therapeutic drugs [25,94,95], 
which closely resemble PEG compounds, PEGs in different MW were chosen as the 
marker solutes in the current study. 
Three solvent systems, tested in this work, were chosen based on three commercial 
processes which employ acidic or basic conditions. The first one mirrors one of the 
reaction conditions used in oligonucleotide synthesis, which is 3 wt% DCA in MeCN 
[96]. The second system replicates one of the reaction conditions used in peptide 
synthesis – 20 wt% piperidine in DMF [97]. The third filtration solution – 20 wt% MEA 
in DI water – is representative of liquids used in carbon capture and storage (CCS) 
[98]. 
3.3.4 Membrane characterisation 
a) FT-IR 
Infrared spectra were recorded on a Perkin Elmer – Spectrum 100. The samples 
were fixed on a diamond plate with the separating layer facing the beam. Prior to FT-
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IR measurements, the membrane samples were immersed in water followed by IPA 
to remove traces of residual chemicals and PEG400. 
b) Soak test for stability 
The stability of crosslinked PBI membranes was compared with the stability of 
commercially available PI membranes. Small pieces of DuraMem 200 (a crosslinked 
PI membrane from Evonik-MET) and lab prepared DBX and DBB crosslinked PBI 
membranes were cut and washed with DI water and IPA to remove any traces of 
conditioning chemicals. The pieces were then dried in vacuum and their weight was 
measured and recorded. Five soak solutions were prepared: 20 wt% DCA/MeCN, 20 
wt% PIP/DMF, 20 wt% MEA/water, 20 wt% NaOH/water and 20 wt% HCl/water. Two 
pieces from two batches of membranes with the same composition were soaked in 
each solution to evaluate reproducibility. Along with these tests, one of each five 
solutions was left blank. This test was carried out for two months at 20 °C, after 
which the membrane pieces were withdrawn from the solutions, washed with water 
and vacuum dried. Then the weight of the sample was recorded and compared to 
the initial value. 
c) Contact angle 
The contact angle of the membranes was obtained with an Easy-Drop Instrument 
(Kruess). Water drops of constant size were deposited on the membrane surface 
using a micropipette. The digital image from the camera was then analysed using a 
build-in drop shape analysis tool. The reported contact angle for each membrane is 
an average of 10 drop measurements. 
3.3.5 Membrane performance and analysis 
The filtration experiments were all carried out in crossflow cells connected in series 
(Figure 12), each holding membrane discs with an effective area of 14 cm2. Pressure 
and temperature were kept constant at 10 bar and 30 °C, respectively, throughout 
the experiment. The pump flow rate was set at 40 L h-1 for all experiments. 
Permeance B and rejection Ri were calculated using, Eq. 2 and Eq. 3, respectively. 
Feed and permeate samples were taken at different time intervals for rejection Ri 
determination. A solute mixture containing polyethylene glycols (PEG) of three 
different molecular weights (400, 2000 and 8000 g mol-1) was used to determine the 
rejection properties of the membranes. The PEGs were dissolved in MeCN, DMF 
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and DI water at a concentration of 1 g L-1 for each MW (referred to as standard 
solution from here on). Collected samples containing PEGs, DCA and MEA were 
analysed using an Agilent HPLC coupled to an evaporative light scattering detector 
(ELSD, Varian-385). The ELSD evaporator was set at 40 °C and the nebuliser at 55 
°C. Nitrogen gas was supplied to the detector at a flow rate of 1.5 SLM (standard 
litres per minute). A reverse phase column (C18-300, 250x4.6 mm, ACE Hichrom) 
was used and the mobile phases were methanol and DI water buffered with 0.1 M 
ammonium acetate. The HPLC pump flowrate was set at 1 ml min-1 and the column 
temperature was set at 30 oC. The concentration of PIP was analysed using an 
Agilent GC with a HP-5 column (5 % phenyl methyl siloxane; capillary: 30m×0.530 
mm×1.50 µm) coupled to a flame ionisation detector (FID). The temperature ramp 
was from 40 °C (hold for 1 min) until 200 °C with an increase of 10 °C.min-1. 
 
Figure 12: a) Schematic representation of the crossflow filtration system with 
pressure gauge P, flow meter F and temperature control T. The solid lines represent 
the feed/retentate flow and the dashed lines – the permeate flow; b) top and cross 
section view of a crossflow cell with 1) feed inlet, 2) retentate outlet, 3) permeate 
outlet, 4) o-rings, 5) membrane disc, 6) sintered disc. 
3.3.6 Viscosity and molar volume of solvent solutions 
The kinematic viscosity of the solvents and solvent mixtures used was determined 
using a BS/U/M2 miniature viscometer at 30 °C. Three consecutive measurements 
were taken (with coefficient of variation less than 1%) and the mean was used to 
calculate the kinematic viscosity. By multiplying with the corresponding density, the 
dynamic viscosity for each liquid was obtained. 
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The molar volume Vm for pure solvents was taken from literature [99] and the molar 
volume Vm,mix of acidic and basic solutions was calculated according . 
𝑽𝒎,𝒎𝒊𝒙 / 𝑐𝑚
3 𝑚𝑜𝑙−1 =
∑ 𝑥𝑖𝑀𝑖𝑖
𝜌𝑚𝑖𝑥
 Eq. 10 
where xi and Mi are the mole fraction and molecular weight of component i, 
respectively, and ρmix is the measured density of the mixture at 30 °C. 
3.3.7 SEM 
Scanning electron micrographs of membrane surface and cross section were 
recorded using a JEOL 5610 LV. The samples were first washed with IPA in order to 
remove PEG400. The surface samples were prepared by cutting small squares and 
pasting them onto SEM sample holders covered with carbon tape. For the 
preparation of cross section samples, small pieces of membrane were snapped 
under liquid nitrogen and pasted vertically onto SEM stubs. Finally, the samples 
were sputtered with gold under argon atmosphere (Emitech K550 coater). The SEM 
was operated at an acceleration voltage of 10 kV. 
3.3.8 Experimental sequence 
Eight membranes were cast from eight different dope solutions by diluting the 
commercial PBI solution to 17 wt% of polymer solids. Four membranes were 
crosslinked with DBX and the other four with DBB. Table 3 summarises the 
composition and physical properties of the eight membranes. Two membrane discs 
were cut out of each of the eight batches to eliminate errors resulting from defective 
membrane coupons. 
First, the reproducibility of crosslinked PBI membranes was determined in different 
solvents – MeCN, DMF and DI water using entries 1-6 listed in Table 3. The pure 
solvent permeance was established for each of the membranes after washing out 
PEG400 preservative. The steady state value was taken after three consecutive 
measurements, one hour apart, were within 5 %. Then the standard PEG/solvent 
mixture was filtered for 24 h and rejection was taken at that point. 
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Table 3: Summary of crosslinked PBI membranes prepared from eight different dope 
solutions of the same composition. Four membranes were crosslinked with DBX and 
the other four with DBB. Membranes with entry no. 1-6 were used for reproducibility 
evaluation. Entries 7 and 8 were used to demonstrate the chemical resistance of 
crosslinked PBI membranes. 
Entry 
No. 
Membrane 
Code 
Composition Viscosity at 
21 °C / cP 
Crosslinking Thickness 
/ μm 
1 M1.1 – DBX 
17 wt%  
PBI/DMAc  
7 720 3 wt% DBX 262.5 ± 5 
2 M1.2 – DBX 8 090 3 wt% DBX 242.7 ± 4 
3 M1.3 – DBX 6 850 3 wt% DBX 251.7 ± 4 
4 M2.1 – DBB 
17 wt%  
PBI in DMAc  
8 100 10 wt% DBB 228.0 ± 4 
5 M2.2 – DBB 7 500 10 wt% DBB 230.7 ± 4 
6 M2.3 – DBB 7 100 10 wt% DBB 215.2 ± 8 
7 M1 – DBX 17 wt%  
PBI in DMAc 
7 500 3 wt% DBX 250.8 ± 5 
8 M2 – DBB 7 690 10 wt% DBB 241.3 ± 7 
Secondly, the filtrations of acidic and basic solvent mixtures were performed as 
solvent swap experiments (Figure 13). The evaluation of the membrane stability was 
done by first establishing the membrane performance with solutions containing only 
the PEG marker solutes for 24 h. Then, without removing the membranes from the 
test cells they were exposed for 24 h to the acidic or basic conditions. Next, by 
filtering pure respective solvents the rig was cleaned from the previous mixtures. The 
last step involved filtration of the initial solvent containing the PEG markers. The 
chemical stability of the membranes was evaluated by comparing membrane 
performance before and after acid/base exposure. The composition and physical 
properties of the two membranes M1 – DBX and M2 – DBB can be found in Table 3 
entry no. 7 and 8. Due to failure of M2 – DBB after completing the first filtration 
sequence (Figure 13 – Sequence 1), fresh membrane discs were taken to evaluate 
their performance upon exposure to MEA (Figure 13 – Sequence 2). 
All results are reported as the mean between the tested samples and the error 
values represent the one standard deviation from the mean. 
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Figure 13: Filtration sequences followed for evaluating the chemical stability of 
crosslinked PBI membranes: Sequence 1 was used for one set of M1 – DBX and M2 
– DBB membranes and sequence 2 was used for a new set of the membranes. 
3.4 Results and discussion 
3.4.1 Membrane characterisation 
a) FT-IR 
Prior to filtration tests, small membrane samples were used to confirm that the 
crosslinking was successful. Figure 14 shows the IR spectra of uncrosslinked, DBX 
and DBB crosslinked membranes. The characteristic peaks of PBI were confirmed 
with spectra of PBI published in the literature [100]. The peak at 3415 cm-1 can be 
attributed to non-hydrogen bonded N-H stretching and the peak at 3145 cm-1 to 
hydrogen bonded N-H stretching. Unfortunately, these signals were not useful 
because O-H stretching was registered as a broad peak in the same area, 
overlapping the N-H stretches. The peaks in the fingerprint area (at 1612, 1590, 
1443, 1286, 801 and 705 cm-1) were all attributed to benzene and imidazole rings 
and their conjugation. Two distinct peaks at 2920 cm-1 and 2850 cm-1 were observed 
in the spectra of the crosslinked membranes which were attributed to C-H (the 
terminal C of the crosslinker) and C-N (the link between the crosslinker and the 
polymer backbone) stretches, confirming the crosslinking between the imidazole 
rings. 
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Figure 14: FT-IR spectra for uncrosslinked, DBB and DBX crosslinked PBI 
membrane samples. 
b) Soak test for stability 
To assess the stability of crosslinked PBI membranes, the membranes were soaked 
in different chemical solutions and the observed stability was compared to that of 
commercially available PI membranes (DuraMem 200). Table 4 summarises the 
percent weight loss of the three membranes after withdrawing them from the 
corresponding solutions. Polyimide membranes degraded in MEA, PIP, HCl and 
NaOH. The DCA soak test showed localised swelling of polyimide membrane 
surfaces but did not result in membrane disintegration. The two types of crosslinked 
PBI membranes were found to be stable in all five test solutions based on visible 
observation and weight loss measurement, except for M2 – DBB exposed to 
HCl/water and PIP/DMF. The PIP/DMF solution turned a slight yellow colour due to 
dissolution of PBI in DMF. As the five blank solutions remained clear for the tested 
period, it can be concluded that any visible observation was due to the degradation 
of the membrane pieces. From Table 4, it can be concluded that DBX crosslinked 
PBI membranes, compared to DuraMem 200 and DBB crosslinked membranes, 
showed superior chemical stability in the pH range from 0 to 14. 
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Table 4: Percent weight loss of membrane samples which were inserted in five 
different acidic/basic solutions. 
 Weight loss / % * 
Membrane 
Code 
20 wt% 
DCA/MeCN 
 
20 wt% 
PIP/DMF 
 
20 wt% 
MEA/water 
(pH=12) 
20 wt% 
HCl/water 
(pH=0) 
20 wt% 
NaOH/water 
(pH=14) 
DuraMem200 1 ± 0 39 ± 2 22 ± 2 81 ± 3 15 ± 0 
 
M1 – DBX 0 ± 0 1 ± 0 2 ± 1 1 ± 0 0 ± 0 
M2 – DBB 0 ± 0 3 ± 2 2 ± 0 4 ± 0 1 ± 0 
* The error indicates the standard deviation in % from the average weight loss value of two membrane 
samples. 
c) Contact angle measurement 
The contact angles of crosslinked PBI membranes were measured and compared 
with uncrosslinked PBI samples. It can be seen in Table 5 that the contact angles of 
crosslinked PBI membranes decreased in comparison to uncrosslinked PBI, 
suggesting that the membranes became more hydrophilic after the crosslinking 
treatment. This observation could be explained with the formation of quaternised 
polybenzimidazolium salts (Figure 11 b)), which are hydrophilic and in turn would 
render a more hydrophilic surface. The lowest contact angle was measured for DBX 
treated PBI membranes, decreasing by more than 40% from the value of untreated 
PBI. This is in agreement with the observed higher permeances of M1 – DBX in all 
tested solvents in comparison to M2 – DBB (described in Section 3.4.2). Such 
behaviour has previously been reported by Soroko et al. [101] for TiO2 doped PI 
membranes. The higher TiO2 content resulted in more hydrophilic surfaces and an 
increase in ethanol flux. Bhanushali et al. [72] tested various polar and non-polar 
solvents with commercial hydrophilic and hydrophobic membranes. They concluded 
that hydrophilic membranes provided higher fluxes with polar as opposed to non-
polar solvents. 
Chemical stability of crosslinked PBI membranes 
41 
 
Table 5: Contact angles for unmodified and modified PBI membranes. 
Membrane Contact angle / °* 
uncrosslinked PBI 60.5 ± 2.3 
M1 – DBX 35.3 ± 5.4 
M2 – DBB 55.0 ± 2.3 
* The error indicates the standard deviation between 10 drop measurements on the same membrane. 
3.4.2 Membrane performance 
a) Reproducibility of crosslinked PBI membranes 
Crosslinked PBI membranes (entries no. 1-6 in Table 3) were tested for their 
reproducibility in the three solvents of interest – MeCN, DMF and DI water. Six 
membrane discs from each batch were tested in each solvent and a new set of discs 
was used for each solvent. First, the pure solvent permeance of the membranes was 
measured after 24 h of operation and the data is summarised in Table 6. 
Table 6: Pure solvent permeances for DBX and DBB crosslinked membranes 
measured after establishing steady state. 
Membrane Pure Solvent Permeance / L m-2 h-1 bar-1 * 
Acetonitrile DMF DI water 
DBX crosslinked PBI 37 ± 7 7 ± 1 12 ± 7 
DBB crosslinked PBI 17 ± 7 1 ± 0 4 ± 2 
* The error given in the table is the standard deviation from the average calculated value of the total of 
three membrane batches (entries no. 1-6 in Table 3). 
Comparing the pure solvent permeances shown in Table 6, a correlation is evident 
between solvent viscosity, molar volume, surface tension (Table 5) and the 
respective permeance. Consistent with the trend reported in the literature [102,103], 
solvent transport through crosslinked PBI membranes increased with decreasing 
viscosity, molar volume and surface tension (Table 7). Hence, the highest 
permeance, determined for MeCN, can be attributed to the lowest viscosity. On the 
other hand, the lowest permeance was obtained for DMF due to its higher viscosity 
and higher molar volume. Water has the highest viscosity and surface tension which 
should result in the lowest permeance. However, due to its small molar volume, 
water had an intermediate flux, slightly higher than DMF (Table 6). 
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Table 7: Solvents and solvent mixtures used in the study and their characteristics. 
Solvent Mixture Viscosity* 
/ cP 
Molar Volume** 
/ cm3 mol-1 
Surface Tension** 
/ mN m-1 
pure Acetonitrile 0.34 52.7 28.03 
3 wt% DCA/acetonitrile 0.36 52.8 - 
pure DMF 0.78 77.4 33.90 
20 wt% PIP/DMF 0.82 81.4 - 
DI water 0.83 18.1 71.67 
20 wt% MEA/DI water 1.27 21.2 - 
* measured viscosity at 30 °C 
** values for pure solvents taken from [99] at 30 °C and for mixtures calculated using Eq. 10 at 30 °C 
After obtaining the pure solvent permeance, the pure solvent was replaced by a 
solution containing the PEG markers. The flux was monitored over time and PEG 
rejection was measured after 24 h. The results are shown in Figure 15. In all 
filtrations DBB membranes showed a lower permeance than DBX membranes. This 
was likely due to the more hydrophilic surface of M1 – DBX (Table 5) which 
enhanced the permeance of polar solvents. In Figure 15 a), it is interesting to note 
that filtration of PEG/MeCN through DBX crosslinked membranes led to around 50% 
decrease in permeance (from 21 to 11 L m-2 h-1 bar-1) over 20 h whereas filtration of 
PEG/DMF and PEG/DI water resulted in no significant permeance loss. On the other 
hand, for the membranes crosslinked with DBB, no impact of the solvent/solvent 
system was detected (Figure 15 b). It was speculated that such trend comes from 
initial swelling of DBX membranes by MeCN, slowly compensated by pressure 
compaction. 
Further, Figure 15 c) and d) show the rejection of PEG markers in the three different 
solvents. It can be noted that DBX crosslinked membranes had the same rejection 
profile in all tested solvents, while DBB crosslinked ones appeared to have a higher 
rejection of PEGs when water is the solvent and lower in the case of MeCN and 
DMF. Overall, the error bars in Figure 15 indicate that crosslinked PBI membranes 
had a consistent performance from batch to batch and it can be concluded that all 
demonstrated effects were reproducible. 
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Figure 15: Average solvent permeance profiles over time of a) PBI membranes 
crosslinked with DBX and b) PBI membranes crosslinked with DBB; average 
rejection of PEGs after 24h for c) PBI membranes crosslinked with DBX and d) PBI 
membranes crosslinked with DBB. The error bars represent one standard deviation 
from the average value of the measurement, where each point summarises the 
average value from tests on M1.1 – DBX, M1.2 – DBX, M1.3 – DBX panels a) and c) 
and M2.1 – DBB, M2.2 – DBB, M2.3 – DBB panels b) and d). 
b) Filtration under acidic/basic conditions 
To assess the chemical stability, membranes M1 –DBX and M2 – DBB (entries no. 7 
and 8 in Table 3) were used. The experimental solvent sequences, shown in Figure 
13, were used to investigate the resistance in acidic and basic environments. 
The permeance results collected from the filtrations are shown in Figure 16. Similar 
to the solvent permeance data in Figure 15 a), M1 – DBX membranes had higher 
permeances than M2 – DBB membranes (Figure 15 b) in all tested solvents. The 
solvent/solute permeances followed the same trend as seen in Figure 15 and 
increased in the order: PEG/DMF < PEG/DI water < PEG/MeCN. A steady state flux 
was reached after 24 h filtration of PEG/solvent solutions in each case. After 
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washing the rig with fresh solvents to ensure removal of PEGs, the acidic or basic 
solution was loaded and circulated for 24 h. 
 
 
 
Figure 16: Permeance profiles through M1 – DBX and M2 – DBB PBI membranes 
using the following sequences:  
a) PEG/Acetonitrile, 3 wt% DCA in PEG/Acetonitrile and PEG/Acetonitrile 
b) PEG/DMF, 20 wt% PIP in PEG/DMF and PEG/DMF 
c) PEG/DI water, 20 wt% MEA in PEG/DI water and PEG/DI water. 
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The permeances for acidic and basic solutions can be seen in Figure 16 in the 
middle panel of each graph. In all three cases, an instantaneous decrease in flux 
was detected. The reason for such a decrease in flux may be attributed to 
combinations of four effects: 1) change in solution viscosity and molar volume, 2) 
polymer degradation, 3) build-up of osmotic pressure across the membrane, and 4) 
interaction of acids and bases with the crosslinked polymer backbone. To 
understand the nature of this effect, the viscosities and molar volumes of the three 
tested solutions were obtained, summarised in Table 7. It can be concluded that the 
addition of DCA or PIP did not result in significant increase of solution viscosity (only 
5-6%) and molar volume (less than 5%). Hence, in these cases the contribution of 
solution viscosity and molar volume to the flux drop (between 27 and 34%) was 
insignificant. However, the addition of 20 wt% MEA to DI water led to more than 50% 
increase in solution viscosity and 17% increase in solution molar volume. The 
decrease in flux in the case of MEA/DI water was found to be more significant (51% 
for M1 – DBX and 61% for M2- DBB decrease) than with the other solutions, 
possibly due to a more pronounced effect of solution viscosity and molar volume. 
Another possible cause could be polymer degradation, which is likely only in the 
case of PIP/DMF filtration through M2 – DBB according to the stability soak test 
(Table 4). Addition of PIP to DMF resulted in 70% decrease in permeance for 
membrane M2 – DBB. 
Of the four effects, it is more likely that the osmotic pressure increased and/or the 
acids and bases interacted with the crosslinked polymer. Osmotic pressure 
difference Δπ can be estimated using Van’t Hoff relations [104], shown in Eq. 11. 
𝜟𝝅 / 𝑃𝑎 =  (𝐶𝑓,𝑖 − 𝐶𝑝,𝑖)𝑅𝑇 Eq. 11 
where Cf,i and Cp,i are the molar concentrations of solute i on the feed and permeate 
side, respectively; R represents the universal gas constant, and T is the temperature. 
The contribution of the calculated difference in osmotic pressure across membranes 
M1 – DBX and M2 – DBB to the decrease in driving force is summarised in Table 8. 
The addition of 3 wt% DCA to acetonitrile did not result in a decrease of driving force 
for both types of membranes. In this case, it is likely that other interactions between 
the crosslinked polymer and the acid occurred. In the filtration of 20 wt% PIP in DMF 
the osmotic pressure difference accounted for 30% decrease in driving force for 
membrane M1 – DBX, which is consistent with the observed 32% decrease in flux 
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(Figure 16 b)). M2 – DBB gave negative rejection values of PIP validating polymer 
degradation by DMF. The decrease of driving force was most significant during 
filtration of 20 wt% MEA/DI water. The effective driving force was only 3 bar for M1 – 
DBX and 1 bar for M2 – DBB compared to the applied 10 bar, predicting a higher 
decrease in permeance than observed in the experiment (Figure 16 c)). This 
discrepancy is ascribed to limitations of the Van’t Hoff relation when applied to non-
ideal concentrated solutions [104]. The equation was used here to give a rough 
estimate of the magnitude of osmotic pressure difference. Nevertheless, it can be 
concluded that increased solution viscosity and molar volume coupled with high 
rejections of MEA contributed to a flux decrease of more than 50% for the filtration of 
MEA/DI water. 
Table 8: Summary of osmotic pressure differences across M1 – DBX and M2 – DBB 
due to addition of DCA, PIP and MEA with the respective rejection data. 
 Rejection 
/ % 
Osmotic pressure difference 
/ bar 
 M1 – DBX M2 – DBB M1 – DBX M2 – DBB 
3 wt% DCA 5 3 0.3 0.1 
20 wt% PIP 5 -3 2.6 N/A 
20 wt% MEA 9 11 7.0 9.0 
The contributions of the four aforementioned effects to the observed permeance 
decrease are verified by the permeance behaviour upon removal of the acidic or 
basic media (Figure 16 last panel). The permeance for M1 – DBX membranes 
regained the original value almost completely in acetonitrile and DI water and in the 
case of DMF, an increase in flux of about 9% of the original value was observed. M2 
– DBB membranes regained their permeance in the case of acetonitrile and DI water 
filtrations, but failed in DMF, in agreement with the stability soak test shown in Table 
4. These observations were also confirmed by the PEG rejection profiles shown in 
Figure 17 and Figure 18. 
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Figure 17: Rejection profiles of PEG standards dissolved in acetonitrile and DMF: a) 
before and b) after filtration of DCA/acetonitrile for M1 – DBX and M2 – DBB 
crosslinked PBI membranes; c) before and d) after filtration of PIP/DMF for M1 – 
DBX and M2 – DBB crosslinked PBI membranes and e) final PEG rejection in 
acetonitrile to compare with the initial rejection shown in a). 
The rejections before and after DCA, PIP and MEA filtration overlapped for both 
types of membranes. A slight increase observed in PEG400 rejection was due to 
further compaction. PEG rejection for M2 – DBB after DMF filtration showed no NF 
properties. On the contrary, the comparison of graphs a) and e) in Figure 17 
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confirmed the conclusion that filtering DMF through DBX crosslinked PBI 
membranes had no adverse effect on membrane performance. However, DBB 
membranes lost their MWCO, likely due to dissolution in DMF than to the basic 
conditions. Considering that PBI is soluble in polar aprotic solvents, insufficiently 
crosslinked PBI membranes would dissolve in DMF over time. 
 
Figure 18: Rejection profiles of PEG standards dissolved in water a) before and b) 
after filtration of MEA for M1 – DBX and M2 – DBB crosslinked PBI membranes. 
3.4.3 Membrane morphology under SEM 
After completing the filtration experiments, small pieces from the tested membranes 
were taken and inspected using SEM. The micrographs of the membranes can be 
seen in Figure 19 for M1– DBX and Figure 20 for M2 – DBB. Figure 19 a) represents 
the structure of M1 – DBX before being used and the pictures in Figure 19 b) and c) 
show M1 – DBX after exposure to DCA/MeCN and PIP/DMF and MEA/DI water, 
respectively. As can be seen, no visible change can be observed for DBX 
membranes before and after filtrations. The membrane retained its features on the 
surface and across the membrane cross section. 
On the other hand, visible changes were detected for DBB membranes. The initial 
membrane morphology of M2 – DBB can be seen in Figure 20 a) and the pictures 
shown on Figure 20 b) reveal the membrane structure after DCA/MeCN and 
PIP/DMF filtration and c) after MEA/DI water. It is clear that the morphology of M2 – 
DBB changed after the first set of acidic and basic filtrations. The surface of the 
membrane (Figure 20 b) became rougher and the cross section of the membrane 
looked distorted. Comparing the flux and rejection data shown in Figure 16 and 
Figure 17, respectively, for DBB membranes, it can be deduced that the deformation 
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of membranes has occurred during the DMF filtration stage. In line with the flux and 
rejection data, it can be concluded that DBB crosslinked PBI membranes are not 
stable in the presence of DMF, possibly due to insufficient crosslinking of the 
polymer backbone. Apart from the DMF filtration, it can be seen that MEA/DI water 
had no significant effect on M2 – DBB. 
 
Figure 19: SEM pictures of surface and cross sections of M1 – DBX a) before 
filtration, b) after DCA/MeCN and PIP/DMF filtration and c) after MEA/water filtration. 
 
Figure 20: SEM pictures of surface and cross sections of M2 – DBB a) before 
filtration, b) after DCA/MeCN and PIP/DMF filtration and c) after MEA/water filtration. 
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3.5 Conclusions 
Integrally skinned asymmetric polybenzimidazole nanofiltration membranes were 
successfully prepared and crosslinked using halogenated compounds – 
dibromoxylene (DBX) and dibromobutane (DBB). Both membranes showed 
consistent and reliable batch to batch separation performance in acetontrile, DMF 
and DI water using a range of PEGs as nanofiltration markers. In addition, DBX 
crosslinked PBI membranes exhibited permeabilities superior to those of DBB 
crosslinked ones in all solvents tested. 
Further, crosslinked PBI membranes have been tested under acidic and basic 
conditions, as well as organic solvent environments. They have shown good 
chemical tolerance towards these aggressive conditions and recovered their initial 
performance upon neutralisation. The only exception was filtration of DMF through 
PBI membranes crosslinked with DBB. The membranes failed to regain their initial 
performance and SEM pictures revealed a distorted morphology. This indicates 
insufficient crosslinking and dissolution of polymer in DMF. Crosslinking with DBX 
resulted in much more stable membranes which could withstand harsh chemical 
environments including DMF. 
The filtration experiments carried out showed that crosslinked PBI membranes could 
lead to a wider implementation of membrane technology in separation processes in 
harsh and corrosive environments. In a more general comparison, PBI membranes 
show similar performance to polyimide membranes, but can withstand a range of 
much wider chemical environments. Hence, they have great potential to be used as 
OSN membranes in various pharmaceutical purification processes which also 
employ acids and bases. In addition, PBI seems to be a promising membrane 
material for the needs of CCS. 
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4 Study of the crosslinking reaction between PBI 
and DBX using statistical tools 
4.1 Abstract 
As demonstrated in the previous chapter, polybenzimidazole (PBI) membranes 
crosslinked with dibromoxylene (DBX) were able to retain their molecular separation 
performance in the harsh conditions of organic solvent nanofiltration (OSN). The 
following chapter is focused on better understanding of the crosslinking reaction 
between PBI and DBX and finding the parameters important for achieving higher 
degrees of crosslinking. A statistical approach based on Design of Experiments 
(DoE) was used to isolate the significant reaction parameters and their interactions. 
The crosslinking was followed indirectly by measuring the weight gain of the samples 
and their bromine content after the reaction as a function of reaction temperature, 
time, excess of DBX, concentration of DBX and reaction solvent (acetonitrile and 
toluene). All parameters were found to have a positive effect on both responses, 
except for the reaction solvent where the change from acetonitrile to toluene resulted 
in a negative effect. All results obtained were statistically validated using Analysis of 
Variance (ANOVA) and physical interpretation of the mathematical models was 
attempted. 
4.2 Introduction 
The stability of polymeric membranes is one of the key challenges to be overcome 
for a wider implementation of membrane filtration units in existing separation 
processes. The most simple and effective way to achieve chemical stability is 
crosslinking the polymer which has been studied extensively for polyimide-based 
OSN membranes [15,16,17]. PBI membranes have proven to be suitable for the 
needs of OSN, but there is still a gap in the literature about the crosslinking reaction 
itself and its effect on membrane separation. Information on crosslinking is essential 
for the development and scale up of PBI membranes. It is also of interest because 
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the greater the extent of crosslinking, the more chemically robust the resulting 
membranes. Finally, there are few reports on the crosslinking of solid phase 
membranes by liquid phase reagents; yet as alluded to above, this is an essential 
tool in rendering polymer membranes stable in organic solvent processes. Hence, 
the aim of the study was to investigate the mechanism of the crosslinking reaction 
and the parameters which affect it. To the best of our knowledge, there are no 
studies on PBI membranes crosslinked using alkyl halides for the application in NF 
or RO, which have investigated the possibility of di-substitution at the PBI backbone. 
Also, the only parameter which was addressed in previous work is the reaction time 
[59,65]. Wang et al. [59] reported on α,α’-dichloro-p-xylene crosslinked PBI NF 
membranes for separation of electrolytes and purification of cephalexin from 
aqueous solutions. They studied the effect of crosslinking time on the separation 
performance of the membranes and found that with increasing crosslinking time the 
pore size of the membranes was decreased; hence, a better separation can be 
achieved. Another study by Wang et al. [65] showed an enhanced salt selectivity and 
water permeance with increasing crosslinking time for water recovery using forward 
osmosis. 
The crosslinking reaction between PBI and DBX is an electrophilic alkylation reaction 
(Figure 21). This type of reactions has been reported for imidazole and 
benzimidazole alkylations with alkyl halides [89,90,91]. The electrophillic attack 
occurs at the multiple bonded nitrogen (N3), as shown in the first step of the reaction 
(Figure 21) and gives a protonated N-alkyl-imidazole moiety (2), which in a second 
step loses the hydrogen to unreacted imidazole (acting as a base). The compound 
(3) which is then formed can undergo further alkylation and give a di-substituted 
imidazole moiety (4). Hence, these reactions give a mixture of compounds (2), (3) 
and (4). It has been suggested that the formation of compound (4) is favoured when 
an excess of alkylating agent is present and can be formed directly from imidazole 
[105]. Often, imidazole and benzimidazole are treated with a base such as NaH or 
LiH prior the addition of the alkylating agent to allow the deprotonation of N1 in the 
imidazole ring and then subsequent formation of compound (3). Hu et al. [106] 
reported on the synthesis of mono- and di-substituted polybenzimidazole using 
iodomethane in NMP. They obtained 90% mono-substituted PBI (compound (3) 
where R=CH3I in Figure 21) by first deprotonating N1 with LiH, followed by equimolar 
addition of iodomethane at room temperature. Addition of excess iodomethane to 
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deprotonated PBI at 80 oC yielded 100% substitution at N1 and 30% substitution at 
N3. This product was further methylated (N3 substitution was 90%) by addition of 
excess iodomethane in DMSO. Recently, Thomas et al. [107] and Jheng et al. [108] 
prepared quaternised polybenzimidazolium salts as materials for anion conducting 
membranes using the same procedure as described in [106]. 
 
Figure 21: Proposed reaction between PBI and DBX. A salt complex is formed 
between the Br from DBX and the N of the imidazole ring of PBI. 
In this chapter, the crosslinking reaction between PBI and DBX was performed 
without the use of a base to deprotonate the N1 of imidazole. The aim was to 
investigate the crosslinking reaction itself, as well as the parameters which affect it. 
Five essential parameters were chosen: reaction time, reaction temperature, excess 
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of crosslinker to polymer, concentration of crosslinker and reaction solvent. In order 
to isolate the relevant parameters and their interactions a statistical approach based 
on Design of Experiments (DoE) was used (see section 1.6). 
The samples prepared by crosslinking PBI and DBX were compared for chemical 
composition, changes in weight and thickness and filtration performance and the 
relevant for the reaction factors and interactions were found. 
4.3 Experimental 
4.3.1 Materials 
Celazole® S26 polybenzimidazole (PBI) in N,N-dimethylacetamide (DMAc) solution, 
containing 26 wt% PBI solids and 1.5 wt% lithium chloride, was purchased from PBI 
Performance Products Inc. (USA). Non-woven polypropylene (PP) support fabric 
Novatexx 2471 was supplied by Freudenberg Filtration Technologies (Germany). 
Acetonitrile (MeCN), DMAc and propan-2-ol (IPA) were HPLC grade from VWR (UK) 
and used as received for membrane fabrication and filtrations. The crosslinking 
agent was α,α’-dibromo-p-xylene (DBX), purchased from Sigma Aldrich (UK). 
Polyethylene glycol (400 g mol-1), used for membrane impregnation, was from VWR 
(UK). Polystyrene (PS) oligomers of different molecular weights (PS580 and 
PS1300) were purchased from Agilent (UK) and used for membrane performance 
characterisation. 
4.3.2 Design of experiments (DoE) 
The crosslinking reaction between PBI and DBX was analysed using statistically 
designed experiments to allow the variation of more than one parameter at a time 
and hence, allowing for fewer experiments to be carried out. Design Expert® version 
8 from Stat-Ease Inc. (USA) was used to obtain the values for each parameter for 
each set of crosslinking. There are four DoE types included in the software, each 
with different applications: factorial designs, response surface methods, mixture 
design techniques and combined designs. A linear 2-level factorial design was 
chosen as this type of design enables screening through a set of parameters and 
finding the significant ones. The design (Table 9) was made for 5 essential reaction 
parameters (temperature, time, molar excess of DBX in regards to PBI, 
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concentration of DBX and reaction solvent) which were varied over two levels. The 
levels were coded as -1 for the minimal value of a factor and +1 for its maximal 
value. 
Table 9: Summary of the parameters, their coding and levels used to evaluate the 
crosslinking reaction between PBI and DBX, using the DoE approach. 
Factor Name / unit DoE levels 
  -1 0 +1 
A Temperature / oC 50 65 80 
B Time / h 0.5 12.25 24 
C Excess of crosslinker to polymer / - 2:1 11:1 20:1 
D Concentration of crosslinker / wt% 1 3 5 
E Solvent / - acetonitrile N/A toluene 
A resolution V 2-level FRFE was chosen as this would allow for identification of all 
main parameters and two-factor interactions, as three-factor interactions or higher 
are less likely to occur. The first-order mathematical model obtained by using FRFE 
designs is described in Eq. 8. 
These settings resulted in 16 experiments. Further, the combination of centre point 
values (level 0) for each parameter was prepared 3 times in order to estimate the 
pure error of the experiments, as well as obtain information about the presence of 
curvature (i.e. non-linearity) in the model. The reaction solvent parameter was used 
as a categorical factor. This resulted in 3 centre points per solvent. Considering this, 
the total number of experimental runs to be carried out was 22 for the fractional 
factorial design. Two responses were measured after the crosslinking reaction and 
then analysed with the software – percentage gain in weight of the membrane after 
the reaction (%WG) and the bromine (Br) content of the membrane after the reaction 
(%Br). Once all responses were collected, the accuracy of the linear model was 
validated by analysing the R2 value, the lack-of-fit and the curvature using analysis of 
variance (ANOVA). The analysis showed a significant curvature which indicated a 
possible non-linearity in the model. This means that the first-order dependence for all 
main effects could be not enough to describe the relationship between them. Hence, 
an augmentation to a quadratic surface response model was necessary with second-
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order dependence for the main effects (Eq. 9). The consequence of this extension 
was the need of 13 additional experiments. So, the total number was 35. 
4.3.3 Membrane fabrication and post-treatment 
Membranes were cast from 17 wt% PBI/DMAc dope solution on a PP support fabric, 
followed by phase inversion in deionised water, as described previously in Section 
3.3.2. Upon withdrawal from the water bath, the membrane sheets were washed with 
IPA and circles with 20.4 cm2 areas were cut out and stored in IPA prior to 
crosslinking. A total of five parameters of the crosslinking reaction were investigated: 
temperature, time, molar excess of DBX in regards to PBI, concentration of DBX and 
reaction solvent. Two 20.4 cm2 membrane pieces were used for each crosslinking 
set; one was vacuum dried and the other one was kept wet. After each reaction the 
two membrane discs were washed with IPA until complete removal of excess 
crosslinking reagents. Finally, the wet membrane sample was impregnated with 
PEG400 in a solution of PEG400/IPA (1:1) for 4 h and used to obtain performance 
data. The dried sample was used to estimate the weight of the membrane before 
and after the reaction, as well as the content of Br in the polymer matrix. 
Out of all 35 samples, 6 samples had to be crosslinked by peeling off the polymer 
layer from the backing, as the reaction volume necessary for the combination of 
parameters was too small to accommodate the rigid membrane disc. 
4.3.4 Measurement of the responses 
a) Percentage weight gain of polymer 
The percentage weight gain of polymer (%WG) was chosen as one of the responses 
of interest as it can give information about the reaction completion and it is easy to 
measure. It is speculated that the addition of crosslinker to the PBI backbone and 
formation of quaternary polybenzimidazolium salt will result in considerable weight 
gain that can be measured accurately with an analytical balance. The MW of one 
PBI unit was 308.4 g mol-1 and the one of the crosslinking molecule DBX was  
264 g mol-1. The reaction between them proceeds as shown on Figure 21. 
The %WG of the membrane is essentially the ratio of the weight gain of the 
membrane after the reaction over its initial weight in percent. 
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%𝑾𝑮 / % =
𝑀𝑃𝐵𝐼+𝐷𝐵𝑋
𝑎𝑓𝑡𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝑀𝑃𝐵𝐼
𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
𝑀𝑃𝐵𝐼
𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
∗ 100 
Eq. 12 
where reactionbeforePBIM  and 
reactionafter
DBXPBIM   represent the weight of PBI polymer 
experimentally measured before reaction and after reaction, respectively. 
For the calculation, the weight of the membrane was taken including the weight of 
PP backing after the sample was vacuum dried for at least 4 h. The weight of the PP 
backing was then subtracted from the value to obtain the weight of the polymer itself. 
Three 20.4 cm2 samples of PP were used to measure their weight, resulting in a 
constant value of 0.178 g. As the PP did not participate in the reaction it would be 
expected that all the weight gain of the sample would be in the PBI matrix. This was 
confirmed by inserting PP discs in the reaction solution and recording their dry 
weight before and after. 
b) Percentage bromine content in polymer 
The percentage bromine content in polymer (%Br) was the second response 
analysed using the DoE approach. The Br content in the polymer was measured via 
elemental microanalysis using an Exeter Analytical EA-440 instrument. This 
instrument measured also the content of carbon (C), nitrogen (N) and hydrogen (H). 
To evaluate the accuracy of the elemental analysis, several samples from the same 
membrane were analysed. The results showed consistent Br content, but were less 
accurate for the analysis of C and H. This was most likely due to sample preparation, 
as the polymer was carefully peeled off the PP backing and dried prior to analysis. 
Unfortunately, it was noticed that small fibres of PP stayed incorporated in the PBI 
and hence, the C and H content from sample to sample varied significantly. 
Nevertheless, the analysis for Br proved to be a useful parameter to evaluate the 
reaction. The value of this response is given in wt% with respect to the sample 
weight. 
4.3.5 Membrane performance and analysis 
All samples prepared according to the random experimental run sheet were also 
tested for their rejection and permeance using a solution containing 1 g L-1 PS 
oligomers of two average MW ranges (580 g mol-1 and 1300 g mol-1) dissolved in 
acetonitrile [92]. The samples prepared as DoE run number 10, 13, 14, 20, 23 and 
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26 were not tested as only the polymer layer without the backing was used for the 
crosslinking reaction (Section 4.3.3). A rig equipped with crossflow cells was 
employed for testing the membrane performance as described in Section 3.3.5. The 
effective membrane area in the cell was 14 cm2. Pressure was set at 10 bar, 
temperature was kept at 30 оC and the pump flow rate was 100 L h-1. Permeance B 
and rejection Ri were calculated using Eq. 2 and Eq. 3, respectively. The volume of 
the collected permeate and feed samples was 1.5 mL which were left in a fume 
cupboard to allow complete evaporation of acetonitrile. The PS remaining in each 
vial were then re-dissolved in 0.3 mL DMF, allowing for a better analytical resolution. 
The samples were analysed using an Agilent HPLC coupled with a UV/VIS detector 
set a wavelength of 264 nm. A reverse phase Phenomenex column (C18-300, 250 
mm x 4.6 mm) was used and the mobile phases were THF and DI water, both 
buffered with 0.1% trifluoroacetic acid (TFA). The HPLC pump was operated at  
0.7 mL min-1 and the temperature of the column was kept at 30 oC. 
Small pieces of all crosslinked membranes, prepared for the study, were dried in 
vacuum and their total weight was measured and recorded. The samples were then 
immersed in pure DMAc and kept in the solvent for two weeks at 21 oC, after which 
the membrane pieces were withdrawn from the solutions, washed thoroughly with 
water and dried in vacuum. Their weight was measured again and compared to the 
initial value. 
4.3.6 Thickness measurement of polymer layer 
Approximate values for the thickness of the polymer layer were measured from SEM 
images using an imaging software (ImageJ version 1.47) by choosing the longest 
part of the cross section. Six samples prepared for the DoE were selected for this 
measurement; three from each reaction solvent, where the %WG and %Br were low, 
intermediate and high. As a control, an uncrosslinked membrane sample was also 
evaluated. The samples were prepared for SEM by carefully peeling off the PBI layer 
from the PP backing and pasting it vertically onto SEM holders. The samples were 
then sputtered with chromium in an argon atmosphere (Emitech K575X coater) to 
achieve the necessary conductivity. The microscopic analyses were performed at 5 
kV in a high resolution SEM (LEO 1525 from Karl Zeiss). 
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4.4 Results and discussion 
4.4.1 Preliminary experimental results 
The first step before actual data collection was to ensure that the chosen 
methodology will give an insight into the reaction without compromising the accuracy 
of the results. For this reason two experiments were used. The first one was to check 
whether heating the membranes in the reaction solvent would result in changes in 
their performance. Three pieces of different membrane sheets with the same 
polymer concentration of 17wt% PBI were inserted in pure MeCN and were left at  
80 oC for 24 h. The rejection and permeance were tested in crossflow cells along 
with three pieces of uncrosslinked 17wt% PBI membranes, which were not in contact 
with boiling MeCN (Figure 22). 
 
Figure 22: Rejection and permeance of PS/MeCN in crossflow after 24h for 17wt% 
uncrosslinked PBI membranes and 17wt% uncrosslinked PBI membranes heated in 
acetonitrile. 
Figure 22 shows that uncrosslinked 17 wt% PBI membranes had no retention of PS 
in the NF range. Also, the same type of membrane heated in MeCN followed the 
same retention profile as the not heated one. However, the heated membrane 
presented a two-fold increase in permeance. It can be concluded that any change of 
PS rejections was only due to the DBX crosslinker, and the effect of annealing of the 
membrane in the reaction solvent played no role on the membrane selectivity. 
The second experiment that was conducted before the actual DoE data collection 
was to confirm the presence of Br in the membrane after crosslinking. In order to do 
so, the DBX crosslinker was exchanged with benzyl bromide (BB). This molecule 
has only one Br site as compared to DBX. In this way, it is possible to conclude that 
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any Br present in the membrane after the reaction is only due to the formation of a Br 
salt at the imidazole ring of PBI (Figure 23 for simplicity only the benzimidazole 
moiety is shown). The reaction was performed as described in 4.3.3 and 1:2 molar 
ratio of PBI:BB was used. 
 
Figure 23: Expected reaction between PBI and BB (molar ratio of 1:2). 
Membrane samples from this reaction were tested for Br with elemental 
microanalysis along with samples from uncrosslinked and unmodified PBI 
membranes. To ensure that no residual BB was trapped unreacted in the membrane, 
the membranes were washed thoroughly with MeCN until no UV active compounds 
were detected in the wash solvent (benzyl ring absorbs at λmax=245 nm). The results 
in Table 10 confirm the presence of Br in the membranes modified with BB. The 
calculated value for Br content for fully quaternised PBI backbone is 19.24 wt% and 
thus, around 84% of the PBI backbone was di-substituted. 
Table 10: Results from elemental microanalysis for the presence of Br in unmodified 
and modified PBI membranes. 
Membrane code Experimental 
Br content 
/ wt% 
Theoretical 
Br content 
/ wt% 
17UX (uncrosslinked PBI membrane) > 0.03 0 
17BB (modified PBI membrane) 16.07 19.24 * 
*value calculated for fully di-substituted benzimidazole moiety (see Figure 23) 
The Br analysis becomes more complicated when a bifunctional compound, such as 
DBX, is used. The reaction between PBI and DBX could have resulted in Br present 
in the membrane matrix in two different forms. One is covalently bonded Br from 
unreacted sites of DBX and the other is Br under ionic form from the formation of 
quaternary salts. Elemental microanalysis is not capable of distinguishing these two 
forms. Nevertheless, it can be assumed that any Br present in the membrane 
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samples was due to successful modification or crosslinking of the PBI backbone and 
could be used to monitor how well the reaction proceeded. 
4.4.2 Analysis of influencing factors using DoE 
The crosslinking reaction between PBI and DBX was analysed using the DoE 
approach. First, a basic linear FRFE was created by selecting five essential 
parameters and setting their minimum and maximum levels (Table 9). The conditions 
for each DoE run and its corresponding %WG and %Br are summarised in Table A1. 
The values for %WG vary between 2 and 46 % and the ones for %Br between 1.64 
and 19.75 wt%. 
The final equations in terms of coded factors for the statistical model for %WG and 
%Br are given by Eq. 13 and Eq. 14, respectively. The analysis of designed 
experiments is best carried out by using coded factors. This enables the use of a 
common scale for each factor, typically -1 and +1 corresponding to minimum and 
maximum of the actual values, respectively. In the coded equation, the coefficient of 
a factor is the change in the response as the associated factor is changed by one 
coded unit. 
%𝑾𝑮𝟎.𝟓 = 4.39 + 0.48 ∗ 𝐴 + 1.07 ∗ 𝐵 + 0.24 ∗ 𝐶 + 0.65 ∗ 𝐷 − 0.55 ∗ 𝐸 Eq. 13 
%𝑩𝒓 = 12.00 + 2.18 ∗ 𝐴 + 4.63 ∗ 𝐵 − 0.07 ∗ 𝐶 + 1.74 ∗ 𝐷 − 1.63 ∗ 𝐸 + 
              + 0.75 ∗ 𝐶 ∗ 𝐷 
Eq. 14 
Eq. 15 (a) and (b) represent the model for %WG in terms of actual factors for 
reactions in acetonitrile and in toluene, respectively. 
(a) Reaction taken place in acetonitrile: 
%𝑾𝑮𝟎.𝟓 = 0.478 + 0.032 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.091 ∗ 𝑇𝑖𝑚𝑒 + 
+ 0.026 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.324 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 
Eq. 15 
(b) Reaction taken place in toluene 
%𝑾𝑮𝟎.𝟓 = −0.632 + 0.032 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.091 ∗ 𝑇𝑖𝑚𝑒 + 
                    + 0.026 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.324 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 
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Eq. 16 (a) and (b) represent the model for %Br in terms of actual factors for reactions 
in acetonitrile and in toluene, respectively. 
(a) Reaction taken place in acetonitrile: 
%𝑩𝒓 = −1.781 + 0.145 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.394 ∗ 𝑇𝑖𝑚𝑒 − 
−0.134 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.407 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 + 
                 + 0.042 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 
Eq. 16 
(b) Reaction taken place in toluene 
%𝑩𝒓 = −5.033 + 0.145 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.394 ∗ 𝑇𝑖𝑚𝑒 − 
−0.134 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.407 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 + 
                 + 0.042 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 
It is interesting to note that Eq. 15 (a) and (b) differ only in terms of the coefficient b0 
(see Eq. 8). In this case, the fact that the other regression coefficients are the same 
means that the effect on the response of the other factors (A to D) is not dependent 
on the solvent. However, the change in b0 means that the solvent itself has an effect 
on the response. This was also clear in Eq. 13, where the factor E was found to have 
a negative effect on the response. This result means that changing from acetonitrile 
(level -1) to toluene (level +1) had an adverse effect on the response. In Eq. 15 (a) 
and (b), it is clear that this effect only means that using acetonitrile as reaction 
solvent yields a higher value of the %WG response than toluene. The same 
consideration holds for Eq. 16 (a) and (b). 
The performance of the model was analysed using ANOVA in terms of correlation 
coefficients R2, lack-of-fit of the model and detection of possible curvature in the 
linear model. The coefficients of correlation for %WG and %Br are summarised in 
Table 11. The lack-of-fit p-value above 0.05 (significance level) suggests that lack-of-
fit of the model is not significant relative to the pure error. While R2 only gives 
information about how well the model fits the experimental data, the modified version 
of R2 is adjusted to the number of variables in the model and its value would 
increase only if a new variable improves the model. The predicted R2 is a measure of 
how well the model will predict new data and also indicates an over-fit of the model 
due to too many variables. The predicted R2 value is in reasonable agreement with 
the adjusted R2 which indicates that the model is not over-fitted. 
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Table 11: Statistical analysis of the linear models for percentage weight gain and 
percentage bromine content using ANOVA 
 
Percentage gain in weight, 
%WG 
Percentage Br content, 
%Br 
Response transformation %WG0.5 none 
Lack-of-fit p-value 0.6044 0.7541 
R2 0.8788 0.8481 
Adjusted R2 0.8409 0.7873 
Predicted R2 0.7994 0.7395 
Curvature significant significant 
A significant curvature was detected for both models, which means that a quadratic 
model might be a better fit for describing the responses. The second-order model 
was obtained by using a response surface model (RSM). The conditions and 
measured responses for these experiments can be found in Table A2 in the 
Appendix. Including the new results, the values for %WG varied between 2 and 46 % 
and the ones for %Br between 0.94 and 19.74 wt%. The performance of the 
quadratic models obtained using RSM was compared with the linear models using 
ANOVA. The analysis is summarised in Table 12. 
Table 12: Comparison of statistical performance of linear and quadratic model for 
%WG and %Br 
Response Model Lack-of-fit 
p-value 
R2 Adjusted 
R2 
Predicted 
R2 
 
%WG 
linear 0.1821 0.8474 0.8202 0.7788 suggested 
quadratic 0.2217 0.9378 0.8535 -0.4680 suggested 
       
%Br 
linear 0.0241 0.8175 0.7850 0.7308  
quadratic 0.3539 0.9782 0.9487 0.4821 suggested 
quadratic 
corrected 
0.4222 0.9631 0.9513 0.9289 
 
It is interesting to notice, that for the %WG response both, linear and quadratic, 
models were suggested by ANOVA. The lack-of-fit p-value for both models is above 
the significance level of 0.05 which is desired for a good description of the 
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experimental data. The quadratic model seems to be a better fit to the data as its R2 
is higher than that of the linear model. However, the predicted R2 value in the case of 
the quadratic model was negative, which means that this model is over-fitted and will 
not accurately predict new data. Hence, the linear model was kept to describe this 
response and the final equations in terms of coded and actual factors are Eq. 17 and 
Eq. 18, respectively. 
%𝑾𝑮𝟎.𝟓 = 4.52 + 0.46 ∗ 𝐴 + 1.05 ∗ 𝐵 + 0.30 ∗ 𝐶 + 0.58 ∗ 𝐷 − 0.52 ∗ 𝐸 Eq. 17 
(a) Reaction taken place in acetonitrile: 
%𝑾𝑮𝟎.𝟓 = 0.700 + 0.031 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.089 ∗ 𝑇𝑖𝑚𝑒 + 
+ 0.034 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.292 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 
Eq. 18 (b) Reaction taken place in toluene 
%𝑾𝑮𝟎.𝟓 = −0.333 + 0.031 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 0.089 ∗ 𝑇𝑖𝑚𝑒 + 
                    + 0.034 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.292 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 
 
%𝑩𝒓 = 14.16 + 2.08 ∗ 𝐴 + 4.62 ∗ 𝐵 + 0.03 ∗ 𝐶 + 1.86 ∗ 𝐷 − 1.86 ∗ 𝐸 + 
              + 0.61 ∗ 𝐶 ∗ 𝐷 − 5.40 ∗ 𝐵2 + 1.69 ∗ 𝐶2 
Eq. 19 
(a) Reaction taken place in acetonitrile: 
%𝑩𝒓 = −2.859 + 0.139 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 1.351 ∗ 𝑇𝑖𝑚𝑒 − 
−0.558 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.553 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 + 
                 + 0.034 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 − 
                 −0.039 ∗ 𝑇𝑖𝑚𝑒2 + 0.021 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋2 
Eq. 20 
(b) Reaction taken place in toluene 
%𝑩𝒓 = −6.581 + 0.139 ∗ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 1.351 ∗ 𝑇𝑖𝑚𝑒 − 
−0.558 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 + 0.553 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 + 
                 + 0.034 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋 ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐵𝑋 − 
                 −0.039 ∗ 𝑇𝑖𝑚𝑒2 + 0.021 ∗ 𝐸𝑥𝑐𝑒𝑠𝑠 𝑜𝑓 𝐷𝐵𝑋2 
The best description of the response %Br is suggested to be with the quadratic 
model. There is non-significant lack-of-fit and the high R2 value implies a good fit of 
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the model to the experimental data. However, this model is over-fitted as the 
predicted and adjusted R2 values are not in reasonable agreement. Hence, the 
insignificant parameters and interactions were removed and new predicted and 
adjusted R2 values were found to be in good agreement (last row in Table 12). The 
final equations, describing the response %Br, in terms of coded and actual factors 
are Eq. 19 and Eq. 20, respectively. 
The importance of the effect of each parameter on the response is represented by 
the normalised effect. This is the coefficient for the associated model parameter in 
terms of coded factor units (Eq. 17 and Eq. 19). For better comparison, these are 
shown graphically on Figure 24. 
 
Figure 24: Normalised effects of influencing parameters (A-temperature, B-time, C-
excess of DBX, D-concentration of DBX, E-solvent, C*D-interaction between C and 
D, B2-quadratic term of B, C2-quadratic term of C) on percentage gain in weight 
(%WG) and percentage Br content (%Br). 
The importance of each factor and its positive or negative effect on the response can 
be deduced from Figure 24. The reaction time (factor B) was found to have a strong 
positive contribution to the %WG and %Br of the membrane. This is in agreement 
with previous reports on the effect of crosslinking time which have shown that longer 
reactions result in increased densification of the membrane pores due to higher 
crosslinking density [16,59,65,109]. This effect has been attributed to the way the 
reaction between the polymeric matrix and crosslinker occurs [59], i.e. the reaction 
starts at the membrane outer surface and proceeds then in the inner part of the 
membrane. The latter may be limited by diffusion of the crosslinker into the polymer 
and hence, longer time is required for the reaction to take place there. 
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Interestingly, the quadric term of the reaction time (B2) had a strong negative effect 
on the response %Br (Figure 24). This, coupled with the positive effect of the time, 
means that the response increased until an optimum was reached beyond which the 
time factor will not change the response or will influence it negatively. In terms of the 
reaction, it can be deduced that the increase in crosslinking became negligible as the 
reaction time increased beyond a certain point, as polymer degradation or 
reversibility of the reaction is not expected. The second-order model obtained for 
%Br was able to predict this phenomenon. 
A positive effect of temperature (factor A) on both responses was expected as 
increasing the temperature generally leads to higher crosslinking degrees [110,111]. 
This is due to the fact that higher temperatures increase the mobility and kinetic 
energy of participating molecules, so the reaction rate increases too. Furthermore, 
the viscosity of the reaction solvent decreases significantly at elevated temperatures 
and thus, better diffusivity of the molecules leads to faster reaction rates. Also, 
heating has been shown to promote N-alkylation of imidazoles and formation of 
quaternary imidazolium salts [105]. Figure 25 shows the change in %Br with 
temperature and time. It can be seen, that the value of the response increased as 
time was kept constant and temperature increased. The same effect was observed 
for the %WG response (Figure A1). 
 
Figure 25: Contour graphs showing how the %Br changed in the design space as 
temperature and time were changed. a) reaction performed in acetonitrile and b) 
reaction performed in toluene. Blue represents low %Br values (0.94 wt%) and red 
stands for high %Br values (19.75 wt%). 
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Changing the reaction solvent (factor E) from acetonitrile to toluene, coded as -1 and 
+1, respectively, resulted in a negative effect on both responses (Figure 24). The 
physical meaning behind this is that lower crosslinking was achieved in toluene as 
compared to acetonitrile. The reason for this observation may be attributed to a 
combination of the following explanations: (1) different solvent-polymer mutual 
affinities resulting from different solvent properties and (2) slower reaction kinetics in 
toluene as compared to acetonitrile. Polymer-solvent mutual affinities are commonly 
described using Hansen solubility parameters (HSP) δ [71,73]. The difference 
between the solubility parameter of the polymer and the solvent, Δδi.j, can be used 
as a measure of their affinity in terms of thermodynamic similarities. Low values of 
Δδi,j indicate a good mutual affinity for a given polymer-solvent pair. As can be 
extracted from Table 13, the values for ΔδPBI,MeCN and ΔδPBI,Tol are 0.9 MPa1/2 and 
6.6 MPa1/2, respectively. Hence, the solubility parameters predict a better affinity 
between PBI and acetonitrile than between PBI and toluene. These theoretical 
values on interactions between polymer and solvent can be interpreted in terms of 
higher polymer swelling in acetonitrile than in toluene.  
Table 13: Properties of solvents and PBI used to describe the polymer-solvent 
interactions 
 HSP* 
/ MPa1/2 
DK** 
/ - 
Temp. 
/ oC 
Viscosity** 
/ cP 
Molar volume** 
/ cm3 mol-1 
Acetonitrile 24.1 37.5 
50 
65 
80 
0.2745 
0.2409 
0.2128 
54.6 
55.8 
57.2 
Toluene 18.4 2.4 
50 
65 
80 
0.4256 
0.3686 
0.3210 
114.5 
116.4 
118.7 
PBI repeat unit 25.0  N/A N/A N/A 
*values of Hansen solubility parameter (HSP) for solvents taken from [112] and for polymer calculated 
using the group contribution method (see Appendix 8.2) 
**values taken from [99] 
Ogunlaja et al. [113] have measured the swelling of PBI nanofibers in acetonitrile 
and hexane over time and have shown that PBI had a swelling ratio of 4.5 in 
acetonitrile, as compared to only 2 in hexane. In other words, PBI has a poor affinity 
for non-polar solvents such as toluene. During the crosslinking reaction, a higher 
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swelling degree of the polymer in the reaction solvent can favour faster permeation 
of the crosslinker through the membrane and hence, a higher extent of crosslinking 
can be achieved in acetonitrile than in toluene. Furthermore, from Figure 25, it can 
be deduced that the reaction kinetics in toluene are slower than in acetonitrile, i.e. 
the same value of the response is achieved at longer reaction time in toluene as 
compared to acetonitrile at constant temperature. The crosslinking reaction between 
PBI and DBX is an electrophilic alkylation reaction and it has been shown previously 
that these types of reactions have faster kinetics in polar aprotic solvents [114], such 
as acetonitrile in this case. Other polar aprotic solvents with large dielectric constants 
(DK) include DMF and DMSO. However, these solvents are unsuitable as they 
dissolve the uncrosslinked polymer. Overall, acetonitrile is a more suitable solvent 
than toluene due to its high polarity, low viscosity and low molar volume (Table 13). 
The last two factors - concentration of DBX (factor D) and excess of DBX (factor C) - 
have both a positive effect on the %WG response (Figure 24). However, in the 
second-order model for the response of %Br, two more terms appeared: an 
interaction term between the concentration and the excess of DBX and a quadratic 
term of the excess (Figure 24). Although, the excess of DBX on its own had no 
significant effect on the response, the appearance of an interaction term between 
excess and concentration of DBX means that their combined change had a more 
pronounced positive effect on the change of %Br than the positive effect from the 
additive change of the single variables. Furthermore, the quadratic term of the DBX 
excess adds an even more pronounced positive effect to the response, this was 
expected as increasing concentration and excess of a reagent results in faster 
reaction rates. Also, it has been shown previously that addition of excess alkylating 
agent has promoted the formation of quaternary polybenzimidazolium salts 
[105,106]. 
As the statistical analysis showed, the reaction time had the most pronounced effect 
on increasing the values of the responses. Thus, it was speculated that by increasing 
the reaction time beyond 24 h, keeping all other parameters at their maximum level 
and using acetonitrile, higher yields could be reached. The reaction time was varied 
between 15 min and 5 days and the membranes were again tested for %WG and 
%Br (Figure 26). 
It was found that the change in response %Br was negligible after 12 h with 
increasing time (Figure 26) as predicted by the second-order model obtained from 
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DoE (Eq. 19). On the other hand, the plateau of the %WG response was found after 
48 h of reaction. This is outside of the design space used in the DoE, so the model 
recognised a linear positive effect of the response with increasing time instead of a 
quadratic negative time term predicting such behaviour (Eq. 17). The %WG reflects 
the weight of the polymer itself and the weight of the crosslinker attached to the 
backbone (either mono- or di-substituted) in its value. Whereas the value of %Br 
involves only Br found in the membrane sample which comes from two sources: (1) 
formation of polybenzimidazolium salts (compound (4) in Figure 21) due to di-
substitution of the backbone and (2) unreacted DBX sites, i.e. one of the Br atoms in 
the DBX molecule has not reacted. The mono-substituted benzimidazole moiety has 
no Br present in the structure (compound (3) in Figure 21) and is hence, not reflected 
in the value of %Br. The observed increase in the value of %WG coupled with the 
constant value of %Br beyond 12 h of reaction could mean that only substitution at 
N3 of the imidazole ring (Figure 21) occured. The formation of quaternary 
polybenzimidazolium salts after 12 h could be limited due to steric hindrance, as the 
DBX molecule is bulky. With increasing reaction time the polymer network becomes 
denser and the PBI matrix more rigid. Hence, the diffusion of DBX into the polymer 
and the formation of di-substituted benzimidazole moieties is restricted in the 
confined space between the PBI chains. 
 
Figure 26: Change in %WG and %Br with increasing reaction time. Conditions of the 
reaction were as follow: temperature - 80 oC, excess of DBX to PBI - 20:1, 
concentration of DBX - 5 wt% and solvent - acetonitrile. The horizontal lines indicate 
after which point in time the measured values of the responses became constant. 
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4.4.3 Membrane performance and analysis 
The performance of the membranes was evaluated by crossflow filtrations using PS 
dissolved in acetonitrile at 10 bar and 30 oC. Filtrations were performed for 24 h and 
the PS rejections at the end of the experiments are reported in Figure 27. 
 
Figure 27: PS rejection of membranes prepared for DoE analysis - a) membranes 
crosslinked with DBX in acetonitrile for 0.5h, 12h and 24h and b) membranes 
crosslinked with DBX in toluene for 0.5h, 12h and 24h. Middle graphs show the 
centre points of the design - acetonitrile: runs 4, 5, 9 and 33; toluene - runs 3, 18, 19 
and 30. 
The graphs in the middle (at 12.25 h of crosslinking) represent the centre points from 
the DoE. As can be seen from the data, the rejections for the centre points were very 
similar, which means that the effects seen from this experiment were reproducible 
and can be trusted. Comparing the performance of membranes crosslinked in 
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acetonitrile to those in toluene, it can be concluded that the latter were more open or 
in other words less crosslinked after 0.5 h reaction whereas membranes crosslinked 
in acetonitrile for 0.5 h resulted already in NF membranes. 
As described above, the reaction had faster kinetics in acetonitrile than in toluene. 
The rejections observed for 12.25 h and 24 h of crosslinking showed no significant 
differences between acetonitrile and toluene. The membrane samples were soaked 
in DMAc for two weeks and all samples were found to have a negligible weight loss, 
except for two samples - run 1 and run 35. The DMAc solutions of these two 
samples were found to be yellow, which is an indication that the polymer had 
dissolved in the solvent, so these samples were not chemically stable. Both samples 
had the lowest crosslinking values and it can be deduced that %WG above 8% and 
%Br values above 2.5 wt% were sufficient to obtain chemically stable membranes. 
The performance of the membranes crosslinked in acetonitrile and constant 
temperature (80 oC), concentration (5 wt%) and excess of DBX (20:1) at varied times 
(from 15 min to 5 days) was also evaluated. PS rejections and permeances after 24 
h filtration of PS/MeCN at 10 bar and 30 oC are shown in Figure 28. 
 
Figure 28: Performance of membranes crosslinked with DBX in acetonitrile at 
constant temperature (80 oC), concentration (5 wt%) and excess of DBX (20:1) at 
varied times (from 0.25 to 120 h). PS rejections and permeances are reported after 
24 h PS/MeCN filtrations at 10 bar and 30 oC. 
The rejection data shows a shift of the MWCO for membranes prepared at 0.25, 0.5, 
12 and 24 h, i.e. tighter membranes are obtained due to higher degrees of 
crosslinking. However, membranes crosslinked for 48 h and longer showed no 
change in rejection curves as compared to the membrane crosslinked for 24 h and 
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thus, indicating that further crosslinking has no result on the rejection performance of 
PBI membranes. It is interesting to note that the permeance values for these 
membranes showed a different trend to that expected. Typically, high rejections are 
coupled with low permeances and vice versa low rejections with high permeances 
[2,9]. However, the effect of crosslinking time on the permeance of crosslinked PBI 
membranes showed increasing values until an optimum was reached at 24 h after 
which the permeance decreased. 
Introducing the DBX crosslinking to PBI membranes renders them more hydrophilic 
due to the formation of hydrophilic quaternary imidazolium salts [107]. This was likely 
to be the reason for increasing permeance with increasing crosslinking time. 
Bhanushali et al. [72] reported higher permeances for polar solvents when 
hydrophilic membranes were used. In addition, the previously tested crosslinked PBI 
membranes with different surface hydrophilicity based on contact angle 
measurements (Chapter 3) showed that the samples with more hydrophilic surfaces 
had higher permeances in polar solvents than the less hydrophilic ones. However, as 
shown above in Figure 26, the Br content of the membranes reached a steady value 
after 12 h of crosslinking whereas mono-alkylation of the benzimidazole moiety 
proceeded beyond this, possibly resulting in denser membranes with lower 
permeances. In other words, it is likely that the membrane became more rigid upon 
higher crosslinking which resulted in lower swelling ability and hence, lower 
permeances. In that range of porosity, a small increase in the swelling degree could 
cause an appreciable change in flux, while the steric effects in the rejection are not 
significantly modified. Similar results have been reported by Vanherck for PI [17] and 
Musale for chitosan/PAN membranes [115]. 
4.4.4 Thickness measurement of polymer layer 
The thickness of the PBI layer was measured in order to find correlations between 
the analysed responses (%WG and %Br) as well as between the membrane 
rejection and permeance. The samples chosen for this were runs 17, 25 and 12 
prepared using acetonitrile and runs 1, 8 and 16 ‒ from toluene. Their 
characterisation can be found in Table A1 and Table A2 in the appendix. 
Uncrosslinked membranes, both heated and not heated in acetonitrile, were also 
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used as control membranes. Figure 29 shows the SEM images of the cross sections 
and the relative thickness of the PBI layer. 
 
Figure 29: SEM images of cross sections of uncrosslinked and crosslinked PBI 
membranes, prepared according to the conditions used in Table A1 and Table A2. 
The according polymer layer thickness is indicated on each image.  
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It can be seen that there was no change in the thickness of the polymer layer for 
uncrosslinked membranes upon heating in acetonitrile (Figure 29 a) and b). The 
images show that the insertion of the crosslinker into the membrane matrix resulted 
in morphological changes, such as thicker polymer layers and the appearance of 
finger-like macro-voids. Clearly, there was a trend in increasing thickness as the 
percentage of gain in weight and Br content increase, as also shown in Figure 30. 
The MWCO of these membranes also decreased with increasing thickness, although 
no correlation was found between permeance and thickness. 
 
Figure 30: Increase in PBI membrane thickness with a) increasing percentage gain 
in weight and b) increasing Br content. Thicknesses were measured from SEM 
images of membranes and exclude the thickness of the PP support. 
4.5 Conclusions 
Polybenzimidazole (PBI) membranes were prepared and crosslinked with 
dibromoxylene (DBX) in order to analyse the reaction mechanism and identify the 
main effects of the reaction parameters. The proposed mechanism of the reaction 
was validated by detecting bromine (Br) in the membranes and thus, confirming the 
formation of salt complexes. 
The parameters influencing the crosslinking reaction were investigated using a 
Design of Experiments (DoE) approach. The percentage gain in weight (%WG) and 
Br content (%Br) of PBI after the reaction were used as indirect indication of how far 
the reaction has proceeded, i.e. higher values of %WG and %Br are likely 
associated with higher crosslinking density. Statistical models were obtained for 
these two responses as a function of reaction time, temperature, excess of 
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crosslinker to polymer, concentration of crosslinker and reaction solvent based on 
DoE and ANOVA. All studied parameters showed a positive effect on the responses 
and the reaction was found to be faster in acetonitrile as compared to toluene. 
Further, the reaction time was shown to have the most significant influence on 
increasing the values of the responses as well as on changing the membrane 
performance. However, it was found that carrying out the reaction beyond 24 h 
resulted in a negligible change in MWCO and a negative change in membrane 
permeance. Physical interpretation to explain these effects was attempted. 
In conclusion, the results in this study showed that by varying reaction parameters a 
range of chemically stable PBI membranes can be prepared to suit specific 
separation needs. Further, the statistical models can be used to predict which 
reaction conditions will maximise the responses at the lowest possible reaction time 
or quantity of reagents. This information can be helpful when scaling up the 
membranes as it will result in reduced production costs. 
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5 Anion exchange capability of uncrosslinked and 
DBX crosslinked PBI membranes 
5.1 Abstract 
In the previous chapter, it was shown that PBI membranes carry a charged salt 
complex at the backbone of the polymer. This chapter will demonstrate how the 
charge can facilitate or inhibit the transport of a charged species through a PBI 
membrane. Both crosslinked and uncrosslinked membranes were tested and their 
charge modified by employing different treatments. Two neutral solutes and one 
charged solute with similar MW were chosen to demonstrate the fractionation 
capability of PBI membranes. Also, a small MW salt was added to the solution in 
order to initiate a faster ion transport through the membrane. The performed 
filtrations confirmed the existence of an immobile positive charge at the backbone of 
crosslinked PBI membranes. Also, a positive charge was created at the 
benzimidazole ring in uncrosslinked PBI membranes by filtration of HCl. 
Fractionation between neutral and charged solutes was achieved with the 
uncrosslinked membrane and the selectivity of the membrane was increased by 
NaOH treatment. 
5.2 Introduction 
The production of active pharmaceutical ingredients (APIs) in the pharmaceutical 
industry is one of the areas where separation and purification of compounds 
dissolved in organic solvents is required. However, many traditional separation 
techniques require high temperatures which could lead to degradation of APIs [82]. 
For this reason, there is a pressing need for the development and utilisation of 
technologies which require milder conditions for separations [23]. In OSN, the 
separation of solutes is based on a pressure gradient and high temperatures are not 
necessary. Nevertheless, there is one more drawback for a wider implementation of 
membrane units in API production besides the chemical stability of polymeric 
membranes which is the insufficient selectivity [4,82]. As mentioned before (Figure 
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10), an ideal membrane should have a sharp MWCO and be able to separate the 
target solutes from the waste compounds. However, in reality, unless the difference 
in MW of the compounds to be separated is sufficiently large enough, there is always 
a trade-off between product purity and product loss. Essentially this means that high 
rejection of the target compound often comes with higher rejections of the waste 
compound, leading to contaminated products; low rejection of the waste solutes 
leads to lower rejections of the product, i.e. higher loss of expensive APIs. 
Current research in this area is focused on either developing different process 
configurations or developing membranes to suit a particular application. The first is 
typically done by employing more than one membrane stage [82], i.e. either retentate 
or permeate are recycled in a closed loop in order to minimise product losses. The 
latter can be done by exploiting different properties of membrane material, solute 
and solvent instead of just relying on size exclusion separation. For instance, 
charged membranes could facilitate or inhibit the transport of a particular solute 
depending on the charge of the counter ions [1]. Such membranes are called ion 
permeable membranes and are mainly applied in water desalination [1] and fuel cells 
[48]. PBI has been studied extensively for these applications. The typical way to 
obtain charged PBI membranes is to dope them with acids [116,117,118], typically 
phosphoric acid, to obtain proton exchange fuel cells or alkali-doped [119,120] for 
anion exchange fuel cells. Typically, a high doping level equals high proton 
conductivity in fuel cells. However, the polymer becomes more prone to deterioration 
as the doping level increases due to increasing distance between the polymer 
chains, resulting in increased permeability and reduced selectivity [116]. 
Nonetheless, these concerns are not applicable to OSN filtrations and this type of 
membranes could also be applied to purification of APIs or their intermediates as 
many of the occurring compounds during synthesis are charged [121]. These 
separations are typically done with ion exchange chromatography which consumes 
time and solvents. Implementing ion exchange membranes in such separations 
could reduce solvent consumption and loss of material, as the solution can be 
recycled in a loop until the desired purity is achieved [82]. 
In this chapter, the anion exchange properties of PBI membranes will be examined 
more closely. As shown before in Chapter 4, DBX crosslinked membranes formed an 
immobile positive charge at the backbone of the polymer with a counter ion that can 
be replaced. The aim in this study was to utilise the fixed charge on the backbone of 
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PBI by filtration of charged solutes. It is hypothesised that the negative part of the 
solute will hop from one benzimidazole moiety to another by exchanging their 
counter ions. In order to compare the results, uncrosslinked PBI membranes will be 
tested as well under the same conditions. A positive charge was created at the 
backbone of the uncrosslinked membrane by doping with HCl. In a last step, the 
influence of NaOH on both crosslinked and uncrosslinked PBI membranes was 
evaluated. Further, the addition of a small charged solute to the filtration solution was 
tested. The idea behind this is that it could aid a faster permeation through the 
membrane as more ion exchange sites become available. 
5.3 Experimental 
5.3.1 Materials 
Celazole® S26 solution, containing 26 wt% PBI solids and 1.5 wt% LiCl in DMAc, 
was purchased from PBI Performance Products Inc. (USA). Non-woven 
polypropylene backing material Novatexx 2471 was from Freudenberg Filtration 
Technologies (Germany). DBX, used for polymer crosslinking and PEG400, used for 
membrane impregnation, were both purchased from VWR (UK). All solvents, used 
for membrane fabrication and filtration experiments, were HPLC grade from VWR 
(UK) and were used as received. Hydrogen chloride (HCl) solution and sodium 
hydroxide (NaOH) were purchased from Sigma Aldrich (UK) and used to modify the 
charge of PBI membranes. The solutes used for filtrations were 
tetramethylammonium chloride (TMAC), dimethoxytritanol (DmtrOH), dimethoxytrityl 
pyrrole (DmtrPyr) and tetraethylammonium dimethoxytrityl mercaptoethanesulfonate 
(TEMES). TMAC was purchased from Sigma Aldrich (UK) and the latter three 
solutes were synthesised and purified by Dr. Gaffney, Department of Chemical 
Engineering at Imperial College, London 
5.3.2 Membrane fabrication 
Two membranes were fabricated by diluting the 26 wt% commercial PBI solution to 
17 wt% using DMAc. The dope solution was cast on PP backing and immersed in DI 
water for phase inversion as described in Section 3.3.2. After this, one membrane 
was crosslinked using DBX as described previously in Section 3.3.2 and the other 
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membrane was used without crosslinking. Both membranes were then impregnated 
using a 1:1 solution of PEG400 in IPA and stored dry on the shelf. The crosslinked 
membrane was labelled 17DBX and the uncrosslinked 17UX. The composition of the 
membranes is summarised in Table 14. 
Table 14: Composition and properties of DBX crosslinked and uncrosslinked PBI 
membranes used to study the anion exchange properties of the membranes. 
Membrane code Composition Viscosity at 21 oC 
/ cP 
Crosslinking 
17DBX 17 wt% PBI in DMAC 7 190 3 wt% DBX 
17UX 17 wt% PBI in DMAC 7 060 - 
5.3.3 Selection of solutes 
The solutes selected for studying the anion exchange properties of crosslinked and 
uncrosslinked PBI membranes are shown in Table 15. 
These solutes were chosen for this study because the Dmtr-group is commonly used 
during the synthesis of monodispersed polyethylene glycols (PEGs) [95] and 
oligonucleotides (oligos) [96]. PEGs and oligos are molecules with a certain 
sequence of building blocks which are synthesised by adding one building block at a 
time (chain extension). To protect the reactive site of the growing chain from 
unwanted side reactions, protecting groups such as the Dmtr-group are used. Before 
the addition of a new building block can be done, the Dmtr-protecting group needs to 
be removed which is done by using slightly acidic conditions (DCA). At this point of 
the synthesis, membranes could be used to efficiently separate the Dmtr-group and 
other waste solutes from the growing product. PBI membranes would be a suitable 
candidate for this application as they are stable in acidic conditions and have 
reproducible performance (shown in Chapter 3). The intention of this study was to 
understand if the negatively charged form of the Dmtr-group, in this case the 
mercaptoethanesulfonate ion (MES¯) of TEMES, would permeate faster through a 
positively charged PBI membrane, as compared to its neutral equivalents DmrtOH 
and DmtrPyr. All three solutes are with a similar MW which means that changes in 
the rejection would likely be due to the charge effects rather than to size-exclusion 
effects. Also, the addition of TMAC salt was studied as it is speculated that such 
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salts could alter the permeation of a charged species through a membrane carrying 
the opposite charge. 
Table 15: List of compounds, their structures and molecular weights used to 
understand the anion exchange properties of PBI membranes 
Solute name Chemical structure Molecular weight 
/ g mol-1 
Dimethoxytritanol 
(DmtrOH) 
 
320.4 
Dimethoxytrityl pyrrole 
(DmtrPyr) 
  
369.5 
Tetraethylammonium 
dimethoxytrityl 
mercaptoethanesulfonate 
(TEMES) 
 
573.8 (total) 
443.6 (without the 
tetraethylammonium 
ion) 
Tetramethylammonium 
chloride 
(TMAC)  
109.6 (total) 
74.2 (without the 
chlorine ion) 
5.3.4 Membrane performance and analysis 
The filtration experiments were carried out in the crossflow filtration system 
described in Section 3.3.5 by using two membrane discs of 17DBX and two discs of 
17UX. Permeance of the solutions and rejection of the solutes was calculated using 
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Eq. 2 and Eq. 3, respectively. The effective filtration area of the membranes was  
14 cm2. Temperature and pressure used for the filtrations were kept constant at  
30 oC and 10 bar, respectively. 
First, the membranes were washed with two volumes of MeCN to remove PEG400 
used as preserving agent (one washing volume equals to 2 L fresh solvent). After 
this, a solution containing 0.1 g L-1 of each DmtrOH, DmtrPyr and TEMES in MeCN 
was filtered through uncrosslinked and crosslinked PBI membranes for 24 h to 
establish the rejection of these solutes prior modification of the membranes. 
Following this, 10 eq. of TMAC relative to PBI (0.8 g L-1) were added to the solution 
and the experiment was carried out for another 24 h, after which the rejection of the 
solutes was measured again. The next step was to filter 10 eq. of HCl relative to the 
polymer (0.3 g L-1 HCl/MeCN) through crosslinked and uncrosslinked membranes for 
2 h in order to charge positively all uncharged sites in the membranes. After 
completely washing out any traces of HCl from the filtration system, a fresh solution 
containing 0.1 g L-1 each of DmtrOH, DmtrPyr and TEMES in MeCN was filtered for 
24 h and the membrane performance was recorded. Next, 10 eq. of TMAC (relative 
to the polymer) were added to the solution and filtered for another 24 h. The final 
step was to filter a solution containing 10 eq. of NaOH relative to polymer  
(0.3 g mol-1 NaOH/MeCN) for 2 h in order to remove the charge from the 
membranes. The change in performance of the membranes was recorded by filtering 
again a fresh solution of 0.1 g L-1 of each DmtrOH, DmtrPyr and TEMES in MeCN, 
followed again by the addition of TMAC. The expected change in charge of the 
membranes upon HCl and NaOH treatment is shown in Table 16. As discussed 
previously in Chapter 4, the PBI backbone in the DBX crosslinked membrane can be 
mono- or di-substituted and it is expected that a mixture of both types of substitutions 
is present, as also pointed out in Table 16. 
The concentration of DmtrOH, DmtrPyr, TEMES and TMAC in permeate and feed 
samples was analysed using an Agilent HPLC coupled to an ELSD detector (Varian-
285). A reverse phase column (C18-300, 250mm x 4.6mm, ACE Hichrom) was used 
and the mobile phases were methanol and DI water buffered with 5 mM ammonium 
acetate. The flowrate of the HPLC pump was 1 mL min-1 and the temperature of the 
column was set at 30 oC. The ELSD evaporator was operated at 40 oC and the 
nebuliser at 55 oC. Nitrogen was supplied to the detector at a rate of 1.5 SLM. 
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Table 16: Expected changes in charges of 17DBX crosslinked and 17UX 
uncrosslinked PBI membranes upon no modification, HCl modification and NaOH 
modification. pKa values were obtained from [122]. 
Modification Membrane code 
17DBX 17UX 
unmodified 
 
 
 
 
HCl modified 
 
 
 
NaOH modified 
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5.4 Results and discussion 
Crosslinked and uncrosslinked PBI membranes were tested for their anion exchange 
capability by filtration experiments using two neutral species (DmtrOH and DmtrPyr) 
and two charged ones (TEMES and TMAC) dissolved in MeCN, as described in 
Section 5.3.4. Further, by applying different membrane treatments, i.e. modification 
of the membranes using HCl and NaOH, the charge of the membranes was altered 
and its effect on the permeation of the solutes was studied. The results of this 
experimental sequence can be seen in Figure 31. 
Figure 31 a) shows two effects: 1) the change in separation performance between 
crosslinked and uncrosslinked membranes and 2) the difference in separation of 
charged species by charged and uncharged membranes. The effect of the 
crosslinker on membrane separation has already been shown in Chapter 4, i.e. that 
the introduction of the crosslinker to the PBI membrane matrix, renders the 
membrane tighter as compared to the uncrosslinked equivalent. This can be seen by 
comparing the rejections of the two neutral species (DmtrOH and DmtrPyr) by 
17DBX and 17UX where the separation mechanism is based on size exclusion. 
DmtrOH and DmtrPyr were rejected 30% and 43%, respectively, by the crosslinked 
PBI membrane as compared to almost 0% rejection by the uncrosslinked one. The 
third molecule (TEMES) is similar in MW to DmtrOH and DmtrPyr and it is expected 
that its rejection by 17UX will be close to 0% as well. However, the results showed 
that it was retained more than 80% by the uncrosslinked membrane. It is well known 
that OSN membranes and NF membranes in general are incapable of separating 
clearly solutes with similar MW based on size exclusion [2,4,82]. The difference 
between these solutes is the charge; however, the uncrosslinked PBI membrane is 
neutral in charge and hence, no interactions based on charge are expected between 
TEMES and the membrane surface. Here, it is more likely that the molecular 
dimensions (diameter and volume) of the solutes are different; hence, the difference 
in rejection. As can be seen from Table 17, the molecular dimensions of DmtrOH 
and DmtrPyr are similar to each other, while TEMES appears to be bigger in 
diameter and volume. This suggested that the biggest pores in the uncrosslinked PBI 
membranes are in the order of the dimensions of the TEMES molecule. 
Anion exchange capability of uncrosslinked and DBX crosslinked PBI membranes 
84 
 
 
 
Figure 31: Rejection profiles of DmtrOH (neutral), DmtrPyr (neutral), TEMES 
(charged) and TMAC (charged) through 17DBX (crosslinked) and 17UX 
(uncrosslinked) PBI membranes after a sequence of different modifications: (a) and 
(b) solute rejection of untreated membranes in the absence and presence of TMAC, 
respectively; (c) and (d) solute rejection after membranes were exposed to HCl in the 
absence and presence of TMAC, respectively; (e) and (f) solute rejection after 
membranes were exposed to NaOH in the absence and presence of TMAC, 
respectively. 
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Table 17: Summary of molecular diameter and volume of the solutes used in the 
filtration experiments calculated using the software packages ChemOffice Pro 12.0.2 
and HyperChem Professional as described elsewhere [123]. 
Solute Structure Diameter 
/ nm 
Volume 
/ nm3 
DmtrOH 
 
1.21 0.938 
DmtrPyr 
 
1.26 1.060 
TEMES 
 
1.43 1.538 
TMAC 
 
0.94 0.438 
A comparison between the rejection values of TEMES by 17DBX and 17UX reveals 
the effect of the membrane charge. Although TEMES is large in size and 17DBX is 
tighter than 17UX, its retention was half that when the charged membrane was used. 
The reason for this observation could be that the positive charge on 17DBX is 
facilitated the transport of the negatively charged TEMES ion by exchanging counter-
ions between each other (Figure 32). It appeared that the transport of TEMES 
through the positively charged PBI backbone was governed by the charge attraction 
rather than size exclusion as was the case with the uncharged membrane. 
Furthermore, it can be seen that the rejection of all three solutes by 17DBX was the 
same within the error bars and no clear separation between the solutes was 
achieved with this membrane. 
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Figure 32: Proposed mechanism of solute transport through charged crosslinked 
PBI membranes. 1) solute transport through anion exchange between the membrane 
and TEMES due to a concentration gradient between retentate and permeate side 
and 2) solute transport due to pressure gradient. The red cations represent the PBI 
backbone and the tetraethylammonium ion from TEMES. The blue anions represent 
the bromine ion from PBI and the dimethoxytrityl mercaptoethanesulfonate ion from 
TEMES. 
Figure 31 b) shows the rejection properties of crosslinked and uncrosslinked PBI 
membranes in the presence of a salt. It was hypothesised that the addition of a small 
charged molecule (TMAC) could facilitate a faster transport of TEMES through the 
membrane due to an increased availability for ion exchange sites. However, the 
addition of TMAC resulted in the opposite effect and increased rejections of all 
species by both types of membranes were observed, except for TEMES where the 
rejection by the uncrosslinked membrane decreased from 83% (without TMAC) to 
62% (with TMAC). A possible reason for this could be that the cation exchange 
between TEMES and TMAC resulted in a reduced diameter of TEMES. The 
difference between the ionic diameters of tetramethylammonium cation (TMA+) and 
tetraethylammonium cation (TEA+) has been reported to be 0.13 nm [124]. As 
mentioned above, the separation by uncrosslinked PBI membranes occurs via size 
exclusion. At the nanoscale, this difference in molecular diameters can influence the 
rejection [4,125]. This was also evident from the higher rejection of the TMAC 
molecule 37% in Figure 31 b) as compared to the rejection of pure TMAC in MeCN 
which was found to be 6% (at the same concentrations). Again, the exchange from 
TMA+ to TEA+ might have caused this increase in rejection. As mentioned above, the 
rejection of TEMES by the charged membrane (17DBX) increased from 41% to 75% 
in the presence of TMAC. The initially set hypothesis that the addition of a small 
2)
crosslinked 
PBI membrane
1)
–+
+ –
– +
+–
–
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charged solute could facilitate faster permeation through the charged membrane 
could not be proven by this experiment, as the results showed the opposite effect. 
Most likely the charged sites of the membranes are more accessible to the small 
sized TMAC as compared to the bigger TEMES. Instead of aiding the transport of 
TEMES through the membrane, it permeated almost freely through the membrane 
with a rejection of 15%. The retention of pure TMAC by a 17DBX membrane was 
measured to be 11% which is comparable to its retention in solution with TEMES. 
The next step of the study was to filter a solution of HCl in MeCN through both types 
of membranes in order to create charges in the PBI backbone (see Table 16). 
Comparing panels a) and c) in Figure 31, it can be seen that the rejection of the 
negatively charged TEMES changed significantly for the uncrosslinked membrane, 
while the rejection of the neutral species stayed the same. Before treating the 
membranes with HCl, the rejection of TEMES was 83% for 17UX and 41% for 
17DBX. Upon HCl treatment, the uncrosslinked membrane was converted to its 
positively charged state (Table 16) which was evident by the decrease in TEMES 
rejection to 40%, the same value as for the crosslinked membrane. Further 
comparison of panels a) and c) in Figure 31 reveals that the crosslinked PBI 
membrane did not change its retention properties upon HCl exposure and the 
rejections of the three solutes stayed the same. As previously observed, addition of 
TMAC to the filtration solution resulted in increased TEMES rejections (Figure 31 d)) 
for both 17DBX (58%) and 17UX (53%). However, the rejection of TMAC by 17UX 
changed significantly from the uncharged state to the charged state of the 
membrane (panels b) and d) in Figure 31), with its rejection then being similar to that 
of 17DBX. This confirmed once again that the filtration of HCl introduced charges to 
the uncrosslinked PBI membrane which altered the rejection of charged solutes, but 
did not influence the rejection of the neutral ones. 
The last step of this experimental sequence consisted of the filtration of NaOH in 
MeCN through both types of membranes. The purpose of this treatment was to 
remove the positive charge from the uncrosslinked membrane and thus, returning 
the membrane in its initial untreated state. Whereas the positive charge at the PBI 
backbone, where the benzimidazole moiety was di-substituted, would remain 
immobile with the counter ion then being OH¯ instead of Cl¯ [126]. The mono-
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substituted benzimidazole moieties in the crosslinked membrane would lose their 
charge. The rejection performance of NaOH treated PBI membranes can be seen in 
Figure 31 panels e) and f). As expected, the uncrosslinked PBI membrane had a 
rejection profile similar to that in its pristine state due to the removed charge at the 
PBI backbone in the absence of TMAC (Figure 31 a) and e)) and in its presence 
(Figure 31 b) and f)). However, the retention properties of the crosslinked PBI 
membrane changed considerably. Despite the fact that 17DBX carried a positive 
charge with an OH¯ counter ion, the rejections of DmtrOH, DmtrPyr and TEMES 
were raised to 78%, 91% and 93%, respectively. This effect of NaOH on crosslinked 
PBI membranes could be due to a number of reasons. First, instead of ion 
exchange, adsorption of TEMES to the positive backbone of PBI could have 
occurred leading to pore blocking. However, the concentration of TEMES in the 
solution at the beginning and at the end of the experiment remained constant. 
Further, the basic conditions could have destroyed the membrane. However, in 
Chapter 3 the exceptional chemical stability of PBI membranes was demonstrated. 
Further, the uncrosslinked membrane was not found to be damaged by these 
conditions. The change in counter ions (from Br¯ to Cl¯) was not big as both are 
halogens, but the change to OH¯ was shown to be considerable. Possibly, OH¯ has 
a higher affinity to other PBI parts instead of TEMES and hence, attracting the 
chains of PBI closer to itself and thus, creating smaller pores which in turn increase 
the rejection of all three molecules. It is most likely that the observed increase in 
solute rejection was not related to the transport mechanism, but was the 
consequence of the strong alkali which altered the polymer in a way that is not fully 
understood. The last panel in Figure 31 (panel f)) shows the rejection profiles upon 
addition of TMAC to the solution. The uncrosslinked membrane remained with the 
same properties as those before the different treatments (compare with panel b) in 
Figure 31). The crosslinked PBI membrane exhibited the same high rejections of all 
solutes as before the addition of TMAC. 
5.5 Conclusions 
In this chapter, the charged nature of crosslinked and uncrosslinked PBI membranes 
was studied. It was hypothesised that the positively charged PBI backbone can 
facilitate the transport of negatively charged solutes. This was demonstrated by 
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filtration of neutral and charged species through both crosslinked and uncrosslinked 
PBI membranes. The charge of the membranes was altered by treating them with 
strong acids and bases. It was found that the transport of solutes through these 
membranes was based on both size exclusion and ion exchange. A fractionation 
between charged and neutral solutes was possible with the uncrosslinked membrane 
and the selectivity was increased upon treatment with NaOH. The idea of a small salt 
acting as a permeation aid by introducing more available ion exchange sites did not 
show the desired effect. In fact, it increased the rejection of the charged species. 
This study showed that by carefully choosing a solute system, the charge of the 
membrane could be exploited and modified to suit a specific separation. The 
utilisation of this feature in PBI membranes can provide a better purification of, for 
example, active pharmaceutical ingredients which are expensive. Overall, the ion 
exchange properties make PBI membranes more versatile then other polymers used 
in OSN separations. 
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6 Controlling the molecular weight-cut off of PBI 
membranes 
6.1 Abstract 
In Chapter 4, it was demonstrated that different molecular weight cut-off (MWCO) 
curves can be obtained by crosslinking PBI membranes for different time intervals. 
Another option to vary the MWCO of membranes is through altering the way the 
membrane is formed, i.e. the phase inversion process. In this chapter, the possibility 
of controlling the MWCO of crosslinked PBI membranes was explored by adding 
different non-solvents to the dope solution prior to casting. The MWCO curve was 
successfully shifted towards 100% rejection of the lowest MW solute used in the 
study while keeping the same permeance as the more open control membrane. 
Average pore sizes and pore size distributions were calculated for all membranes to 
demonstrate the effect of non-solvent addition to the casting solution. However, no 
correlation was found between solvent properties and interactions and the 
performance and structure of the membranes. 
6.2 Introduction 
Organic solvent nanofiltration can be utilised in many different processes which 
require separations of species in the NF range. This in turn means that a variety of 
membranes with different properties needs to be available. Ideally, it is desired that 
one polymer-solvent system is used to fabricate a wide range of membranes. 
The most common method for synthesis of polymeric membranes is phase inversion 
and entails a change of the polymer state from liquid to solid (for detailed description 
of the method refer to Section 1.2). The phase inversion process can be altered in 
different ways to obtain membranes with different performance and structure [2,4]. 
Among the parameters that are important for the final properties of the membrane 
are the concentration and type of polymer, solvent and additives used, type of non-
solvent used to induce phase inversion, as well as post-formation conditioning or 
annealing of the membrane. 
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These parameters have been studied extensively in literature using various 
polymers. A high concentration of polymer in the dope usually forms a thicker skin 
layer with suppressed macro-voids in the sub-structure, while low polymer 
concentration contributes to a porous structure with macro-voids [2,14]. The addition 
of a co-solvent or non-solvent to the dope solution results in increase of the polymer 
concentration in the skin layer, so creating a membrane with lower throughput and 
higher rejection [2]. See-Toh et al. [12] prepared PI membranes with different 
properties by varying the concentration of DMF and 1,4-dioxane in the dope solution. 
Higher DMF concentrations were shown to yield membranes with loser MWCO 
curves. Vandezande et al. [14] demonstrated suppression of the formation of macro-
voids in PI membranes cast from NMP:THF as the concentration of THF was 
increased. Furthermore, they also observed less dense membranes as the 
concentration of co-solvent (THF) was decreased. Hendrix et al. [127] demonstrated 
the same trend for PEEK membranes cast from NMP:THF solutions. Soroko et al. [8] 
demonstrated a shift from UF to NF performance for PI membranes prepared from 
DMF or DMSO as they added volatile co-solvents to the casting solution. Hence, 
they showed that the evaporation step of volatile solvent prior to phase inversion is 
not important to the formation of membranes with NF properties. Other additives to 
the polymer solution such as pore forming agents, inorganic fillers, non-solvents or 
other low MW polymers have a significant influence on the membrane formation and 
hence, on its separation performance [13,128]. Recently, Sorribas et al. [129] and 
Campbell et al. [130] showed improved performance of polymeric membranes upon 
incorporation of metal organic frameworks (MOFs). 
A number of authors have also studied the influence of the solvent type and 
concentration used to induce phase inversion. Among them, Vandezande et al. [14] 
found that PI membranes coagulated in different lower alcohols became less 
permeable as the alcohol chain increased.  
A commonly used procedure for obtaining NF membranes which retain low MW 
solutes is thermal annealing. Such post-treatment step enhances the rejection 
performance at the expense of decreased permeability [2]. This is attributed to 
densification of the separation layer due to reorganisation of the polymer chains to 
thermodynamically favoured structures [10]. Recently, da Silva Burgal et al. [30] 
demonstrated that by filling the pores of PEEK membranes with different solvents 
and subsequent drying, the MWCO curves could be altered significantly. 
Controlling the molecular weight-cut off of PBI membranes 
92 
 
The aim of this study was to modify the MWCO curves of crosslinked PBI 
membranes cast from DMAc and a solvent, acting as non-solvent for the polymer. 
The observed changes in membrane performance, morphology and average pore 
sizes were analysed using different parameters describing polymer/solvent/non-
solvent interactions. To the best of my knowledge, such a study had not been 
performed using PBI. 
6.3 Experimental 
6.3.1 Materials 
A Celazole® S26 solution containing 26 wt% PBI solids and 1.5 wt% LiCl (stabilising 
agent) dissolved in DMAc was purchased from PBI Performance Products Inc. 
(USA). Non-woven PP support material Novatexx 2471 was supplied by 
Freudenberg Filtration Technologies (Germany). The crosslinking compound α,α'-
dibromo-p-xylene and polyethylene glycol (PEG400) used for impregnation were 
obtained from VWR (UK). All solvents used for dope solution preparation and 
filtration experiments were from VWR (UK) and were used as received without 
purification. PS oligomers (PS580 and PS1300) were purchased from Agilent (UK) 
and used for characterisation of membrane performance. 
6.3.2 Membrane fabrication 
PBI membranes were cast from solutions containing 17 wt% polymer solids by 
diluting the commercial solution with DMAc and various non/co-solvents in a ratio of 
4:0.9. The selected solvent additives were: methanol (MeOH), ethanol (EtOH) and 
propan-2-ol (IPA), acetonitrile (MeCN) and tetrahydrofuran (THF), 1,4-dioxane (DXN) 
and N,N-dimethylformamide (DMF). The ratio of 4:09 (DMAc:non/co-solvent) was 
selected as this was the highest amount of MeOH that could be added to the PBI 
solution, without causing polymer precipitation. Membranes were also prepared with 
4:3 ratio of DMAc to DMF in order to study the influence of higher concentrations of 
non/co-solvents. A 17 wt% PBI membrane without non/co-solvent additive was also 
prepared and crosslinked with DBX to be used as a control membrane. The dope 
solutions were cast on PP backing and immersed in DI water for phase inversion as 
described in Section 3.3.2. Following this, the membranes were crosslinked using 
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DBX as described previously in Section 3.3.2 and impregnated using a 1:1 solution 
of PEG400 in IPA to allow dry storage. The composition of the membranes is 
summarised in Table 18. The membrane performance data is the mean of at least 
three independently prepared membranes of the same composition. 
Table 18: Summary of DBX crosslinked PBI membranes prepared with different 
compositions of dope solutions, containing DMAc and one of seven non/co-solvent. 
Entry No. Membrane 
code 
PBI content  
 
/ wt% 
Additive Viscosity at 
20 oC 
/ cP 
1 4:0.9 MeOH 17 MeOH   3 470 
2 4:0.9 EtOH 17 EtOH   3 930 
3 4:0.9 IPA 17 IPA   5 550 
4 4:0.9 MeCN 17 MeCN   6 100 
5 4:0.9 THF 17 THF 14 760 
6 4:0.9 DXN 17 DXN   8 580 
7 4:0.9 DMF 17 DMF   5 680 
8 4:3 DMF 17 DMF 12 285 
9 CM 17 N/A   7 190 
6.3.3 Membrane performance and analysis 
All membranes were tested in crossflow cells using the filtration system described in 
Section 3.3.5. The effective membrane area was 14 cm2. The operating pressure, 
temperature and pump flow rate were set at 30 bar, 30 oC and 100 L h-1, 
respectively. The filtration performance of the membranes was tested by using a 
solution of 1 g L-1 PS oligomers containing two average MW ranges (580 g mol-1 and 
1300 g mol-1) dissolved in MeCN [92]. Permeance B and rejection Ri were calculated 
using Eq. 2 and Eq. 3, respectively. PS samples from feed and permeate were taken 
after 24 h of filtration and tested using an Agilent HPLC coupled with a UV/VIS 
detector set a wavelength of 264 nm. A reverse phase Phenomenex column (C18-
300, 250 mm x 4.6 mm) was used and the mobile phases were THF and DI water, 
both buffered with 0.1% trifluoroacetic acid (TFA). The HPLC pump was operated at 
0.7 mL min-1 and the temperature of the column was kept at 30 oC. 
Controlling the molecular weight-cut off of PBI membranes 
94 
 
6.3.4 Diffusion coefficient 
The diffusion coefficients DAB were estimated using the Wilke-Chang correlation 
[131], where the molar volumes at the boiling point (VA) were calculated using a 
group contribution method. 
𝑫𝑨𝑩 / 𝑚
2 𝑠−1 = 1.173 .  10−16(𝜑 ∗ 𝑀𝐵)
0.5
𝑇
𝜇𝐵𝑉𝐴
0.6  Eq. 21 
φ is an association parameter which is 2.6 for water, T is the temperature of the 
water bath in K, MB is the molecular weight of solvent B in kg.kmol-1, μB is the 
viscosity of solvent B in kg m-1 s-1 and VA is the molar volume of solvent A in  
m3 kmol-1. In the case of phase inversion, solvent A is the non/co-solvent which is to 
be diluted in solvent B (water). 
6.3.5 Total solubility parameter 
The solubility parameters δt,i of the solvents used during membrane preparation and 
their mutual solubility parameters Δδi,j were calculated using Eq. 5 and Eq. 6, 
respectively. The mutual solubility parameters of interest are ΔδS/NS (solvent/non-
solvent),  ΔδP/S (polymer/solvent) and  ΔδP/NS (polymer/non-solvent). The solubility 
parameter of PBI δPBI is 25 MPa1/2 (Appendix 8.2). Finally, to calculate the total 
solubility parameter Δδt, the following equation was used [38]: 
∆𝜹𝒕 / 𝑀𝑃𝑎
1/2 =
∆𝛿𝑃/𝑆. ∆𝛿𝑆/𝑁𝑆
∆𝛿𝑃/𝑁𝑆
 Eq. 22 
 
6.3.6 Average pore size and pore size distribution 
There are two accepted models for the description of transport through OSN 
membranes: solution-diffusion and pore flow models. As mentioned in Section 1.5, 
both models have been shown to describe well the experimentally obtained results 
[10,12,59,76]. For the purposes of this work, the pore flow model was adopted. To 
estimate pore size distributions, typically log-normal distributions were used and 
more precisely that suggested by Belfort et al. [132]: 
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𝒇𝑹(𝒅𝒑) =
1
𝑑𝑝√2𝜋𝑏
𝑒𝑥𝑝
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((log
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𝑏
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 Eq. 23 
𝒃 = log [1 + (
𝜎
?̅?𝑝
)
2
] Eq. 24 
The advantage of this form is that the average pore size ?̅?p and the standard 
deviation σ are equal to the corresponding values of the probability density function 
fR [12]. To describe the pore size distribution, the hydrodynamic model of hindered 
solute transport in pores has been applied as suggested in previously [12,133]. The 
starting point of the model is the extended Nernst-Planck equation for charged 
solutes. The derivation of the discrete expression for solute rejection Ri as a function 
of the pore size dp can be found in literature [12,75,133,134], 
𝑹𝒊 = 1 −
𝛷𝑖𝐾𝑖,𝑐
1 − [1 − 𝛷𝑖𝐾𝑖,𝑐]exp (−𝑃𝑒𝑖)
 Eq. 25 
where 
𝜱𝒊 = (1 − 𝜆𝑖)
2 Eq. 26 
𝑷𝒆𝒊 =
𝐾𝑖,𝑐
𝐾𝑖,𝑑𝐷𝑖,∞
(
𝑑𝑝
2𝛥𝑃
8𝜇
) Eq. 27 
𝑲𝒊,𝒄 = (2 − 𝛷𝑖)(1 + 0.054𝜆𝑖 − 0.988𝜆𝑖
2 + 0.441𝜆𝑖
3) Eq. 28 
𝑲𝒊,𝒅 = 1 − 2.3𝜆𝑖 + 1.154𝜆𝑖
2 + 0.224𝜆𝑖
3 Eq. 29 
𝝀𝒊 =
𝑑𝑖,𝑠
𝑑𝑝
 Eq. 30 
The diffusion coefficient of the solute in the bulk solvent (Di,∞) was calculated using 
the Wilke-Chang correlation in Eq. 21. In the cases where the pore diameters are 
estimated to be similar to the solvent diameter dsolv, the viscosity term μ needs to be 
corrected to account for a significantly higher value of the viscosity in the pore as 
compared to the bulk μ0. 
𝝁
𝝁0
= 1 + 18 (
𝑑𝑠𝑜𝑙𝑣
𝑑𝑝
) − 9(
𝑑𝑠𝑜𝑙𝑣
𝑑𝑝
)
2
 Eq. 31 
The solute diameters di,s were estimated using the Stokes-Einstein correlation: 
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𝒅𝒊,𝒔 =
𝑘𝑇
3𝜋𝜇0𝐷𝑖,∞
 Eq. 32 
The calculated solute diameters for each PS oligomer and used to calculate the 
average pore sizes and pore size distributions are shown in Table 19 below. 
Table 19: Calculated PS oligomer diameters based on Eq. 32. 
Molecular weight of PS oligomer 
g mol-1 
Calculated diameter, di.s 
nm 
236 1095 0.55 1.59 
295 1195 0.74 1.68 
395 1295 0.87 1.76 
495 1395 1.00 1.84 
595 1495 1.11 1.92 
695 1595 1.22 1.99 
795 1695 1.32 2.07 
895 1795 1.41 2.14 
995  1.50  
Finally, the calculated solute rejection Ri,calc can be expressed as shown in Eq. 33. 
This equation has been derived from the log-normal distribution combined with the 
hydrodynamic model. The parameter dp,max has been introduced to eliminate errors 
arising from large pores which can have a significant effect on the pore-wise 
rejection as suggested by Bowen et al. [134]. Hence, a new truncated distribution 𝒇𝑹
′  
was used. 
𝑹𝒊,𝒄𝒂𝒍𝒄 =
∫
𝑓𝑅
′𝑑𝑝
4𝑅𝑖
𝜇 𝑑(𝑑𝑝)
𝑑𝑝,𝑚𝑎𝑥
0
∫
𝑓𝑅
′𝑑𝑝4
𝜇 𝑑(𝑑𝑝)
𝑑𝑝,𝑚𝑎𝑥
0
 Eq. 33 
6.3.7 Scanning electron microscopy (SEM) 
SEM images of membrane cross sections were recorded using a JEOL 5610 LV. 
The sample preparation procedure was the same as described in Section 3.3.7. 
Approximate values for the thickness of the polymer layer were measured from SEM 
images using an imaging software (ImageJ version 1.47) by choosing the longest 
part of the cross section. 
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6.4 Results and discussion 
Crosslinked PBI membranes (entries no. 1-6 in Table 18) were tested for their NF 
performance and compared to the control membrane (entry no. 9 in Table 18). The 
permeance and PS rejection is shown in Figure 33. 
 
 
Figure 33: a) Average permeance and b) average PS/MeCN rejection curves of 
crosslinked PBI membranes containing 17 wt% polymer and no additive, MeOH, 
EtOH or IPA as non-solvents in a ratio of 4:0.9 (DMAc:non-solvent); c) average 
permeance and d) average PS/MeCN rejection curves of crosslinked PBI 
membranes containing 17 wt% polymer and no additive, MeCN, THF or DXN as 
non-solvents in a ratio of 4:0.9 (DMAc:non-solvent). 
As can be seen in Figure 33 a) and c), the permeance of membranes prepared with 
the addition of MeOH, EtOH, IPA or THF reached a similar permeance value after 24 
h of filtration, between 7 and 9 L m-2 h-1 bar-1. Whereas the control membrane 
prepared without any additives and membranes with MeCN or DXN had a higher 
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permeability of 13 L m-2 h-1 bar-1. The PS rejection curves (Figure 33 b) and d)) show 
that the addition of MeOH, IPA or MeCN resulted in more open membranes as 
compared to the control membrane. The membrane with MeCN showed the highest 
rejection of low MW solutes with a similar permeance to the more open control 
membrane. Membranes with EtOH, THF or DXN as dope additives had no MWCO in 
the NF range. Overall, the addition of the selected solvents resulted in only moderate 
change in membrane performance as compared to the control membrane. 
Average pore sizes (Table 20) and pore size distributions (Figure 34) of the 
membranes were calculated theoretically based on the MWCO curves obtained. 
Table 20: Calculated average pore sizes and standard deviations for crosslinked PBI 
membranes prepared with MeOH, IPA or MeCN, as an additive to the casting 
solution and the control membrane. 
Membrane code Average pore size 
/ nm 
Standard deviation 
/ nm 
CM 0.83 ± 0.057 
4:0.9 MeOH 0.42 ± 0.083 
4:0.9 IPA 0.45 ± 0.120 
4:0.9 MeCN 0.41 ± 0.070 
As can be seen from Figure 34, the control membrane and all modified membranes 
present relatively narrow pore size distributions with pores below 1 nm, suggesting 
that PS above 500 g mol-1 should be rejected. This was observed for the control 
membrane, 4:0.9 MeOH, 4:0.9 IPA and 4:0.9 MeCN (Figure 33). However, the 
MWCO of membranes 4:0.9 EtOH, 4:0.9 THF and 4:0.9 DXN was not found within 
the NF range and hence, the calculated pore size distribution for these membranes 
is false. 
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Figure 34: Probability density functions for pore sizes in crosslinked PBI membranes 
a) 4:0.9 MeOH, 4:0.9 EtOH, 4:0.9 IPA and control membrane and b) 4:0.9 MeCN, 
4:0.9 THF, 4:0.9 DXN and control membrane. 
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This difference between the experimental observation and theoretical calculation 
was due to the way the pore flow model is defined. The rejection of solutes will 
always go up as their diameter increases, whereas the observed rejection profiles of 
these membranes were found to almost reach plateaus at about 80% rejection. This 
could be attributed to leak flow through the membrane induced by defects on the 
membranes. However, this is less likely, as the results are the average of three 
membranes prepared independently with the same composition. These calculated 
results will be disregarded further. 
Nevertheless, the calculated average pore sizes (Table 20) and pore size 
distributions (Figure 34) for the control membrane and membranes 4:0.9 MeOH, 
4:0.9 IPA, 4:0.9 MeCN were reasonable, as the difference between observed and 
calculated MWCO curves was found to be less than 5%. It can be deduced from 
Table 20 that the addition of MeOH, IPA and MeCN resulted in a shift of the average 
pore size from 0.83 nm for the control membrane to less than 0.5 nm with the 4:0.9 
MeCN membrane being the one with smallest calculated average pore diameter. 
In order to understand whether the addition of these solvents had an effect on the 
morphology of the membranes formed, SEM images were taken and the thickness of 
the polymer layer was measured. Figure 35 shows the cross sections of the 
analysed membranes. All prepared membranes showed regular finger-like macro-
voids across the thickness of the samples. It can be seen that the membrane 
thickness decreased in the order of DMAc:MeOH < DMAc:MeCN < pure DMAc = 
DMAc: THF < DMAc:EtOH < DMAc:IPA < DMAc:DXN in a ratio of 4:0.9. The change 
in the thickness could be explained by the way the phase inversion had occurred 
during membrane fabrication. Table 21 gathers together different solvent properties 
related to their affinity to water and their polymer/solvent/non-solvent interactions. 
The diffusion coefficient DAB is a measure for the diffusion mobility of one solvent 
which is to be diluted in another solvent [131]. In other words, a high diffusion 
coefficient means fast diffusion of the solvents into each other. The polarity index 
and the partition coefficient both describe the affinity of a given solvent for water 
[135]. The higher the polarity index, the higher is the affinity towards water. The 
partition coefficient is described as the logarithm of the ratio between the 
concentrations of one compound in two immiscible hydrophobic (octanol) and 
hydrophilic (water) liquids at equilibrium. A negative partition coefficient means that 
the solute is hydrophilic and hence, has a higher affinity towards water than a solute 
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with positive partition coefficient. A low value of the total solubility parameter Δδt as 
described by Soroko et al. [38] is indicative of a more open membrane and vice 
versa. 
 
Figure 35: SEM images and thickness measurements of crosslinked PBI 
membranes prepared with different dope compositions: control membrane, 4:0.9 
MeOH, 4:0.9 EtOH, 4:0.9 IPA, 4:0.9 MeCN, 4:0.9 THF and 4:0.9 DXN. 
59 μm
CM
66 μm
4:0.9 MeOH
54 μm
4:0.9 EtOH
40 μm
4:0.9 IPA
4:0.9 MeCN
64 μm
4:0.9 THF
58 μm
4:0.9 DXN
36 μm
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Table 21: Summary of physical properties of solvents; values, where necessary, 
taken at 20 oC, the temperature of the phase inversion bath. 
Solvent DAB (109) * 
/ m2 s-1 
Polarity index ** 
/ - 
Partition coefficient ** 
/ - 
Δδt *** 
/ MPa1/2 
MeOH 1.67 5.2 -0.74 
DMAc:MeOH 
1.38 
EtOH 1.26 5.1 -0.30 
DMAc:EtOH 
2.27 
IPA 1.04 3.9 0.05 
DMAc:IPA 
2.90 
MeCN 1.32 5.8 -0.34 
DMAc:MeCN 
2.69 
THF 1.01 4.0 0.46 
DMAc:THF 
2.69 
DXN 0.99 4.8 -0.27 
DMAc:DXN 
3.61 
DMAc 0.85 6.5 -0.77 
DMAc 
3.27 
* calculated using Eq. 21 
** values taken from [136] 
*** calculated using Eq. 22 for mentioned solvent:non-solvent systems in ratio 4:0.9 
From Table 21, it can be seen that DMAc had the lowest diffusion coefficient which 
was due to its high molar volume (Eq. 21) as compared to all other tested solvents. 
However, DMAc has the highest polarity and partition coefficient and a relatively 
small total solubility parameter as compared to other described in literature [38]. 
Furthermore, it can be seen that the value of the total solubility parameter decreased 
with the addition of the alcohols in the order of IPA > EtOH > MeOH. Combined with 
increasing diffusion coefficient and polarity index, as well as decreasing partition 
coefficient, it is expected that the membrane 4:0.9 MeOH should have yielded the 
most open membrane. However, this was not the case and in fact this membrane 
had the tightest MWCO (Figure 33) among the membranes containing DMAc:alcohol 
in the casting solution. The same observation was valid for 4:0.9 MeCN which was 
the tightest membrane among all those tested. However, based on the solvent 
properties, this composition should have yielded an open membrane. Such 
discrepancies between theory and experimental observation have previously been 
reported by Holda et al. [137] for PSf-based OSN membranes. 
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Although, these parameters are unable to predict the membrane performance 
accurately, they could explain the observed change in membrane thickness. A 
slower solvent exchange during phase inversion could likely lead to the formation of 
thinner membranes, as the polymer had more time to aggregate before solidification 
occurred. 
While this study revealed that the addition of various non-solvents induced changes 
in membrane performance, thickness and pore sizes, it also showed that there is no 
particular correlation between non-solvent parameters and the observed change. 
However, it seems that other polymer/solvent/non-solvent interactions were present 
which altered the performance and morphology of PBI membranes. The dope 
solution additives used so far were all non-solvents for PBI, meaning they were 
unable to dissolve the polymer. It has been shown previously that non-solvent 
additives increase viscosities of the dope solutions and hence, result in membranes 
with tight MWCO curves [11,138]. In this study, no correlation was found between 
dope solution viscosity (Table 18) and membrane performance. 
In order to exhaust all options, PBI membranes were also prepared with DMF as an 
additive which is a good solvent for PBI as it is a polar aprotic one. The effect of 
increasing the concentration of the additive was also studied by adding DMF in two 
different ratios to the PBI/DMAc casting solution. Membranes 4:0.9 DMF and 4:3 
DMF (entry nos. 7 and 8 in Table 18) were tested for their performance and the 
results are shown in Figure 36. A clear change in permeance and rejection was 
observed upon increasing the DMF concentration in the dope solution. 
 
Figure 36: a) Average permeance and b) average PS/MeCN rejection curves for 
membranes containing 4:0.9 and 4:3 DMAc:DMF in the casting solution. 
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The effect of the DMF concentration on the pore size distribution is shown in Figure 
37. The broader distribution with an average diameter of 0.9 nm ± 0.025 nm shifted 
to a narrower distribution with average diameter of 0.41 nm ± 0.059 nm as the 
concentration of DMF in the dope solution was increased. The difference between 
calculated and observed MWCO curves was within 5% for both membranes, and the 
resulting values can be considered reasonable. 
 
Figure 37: Probability density functions for pore sizes in crosslinked PBI membranes 
containing 4:0.9 and 4:3 DMAc:DMF in the casting solution. 
SEM images (Figure 38) of both membranes revealed that increasing amount of 
DMF decreased the membrane thickness by a factor of 2 as well as resulted in 
suppression of the macro-void formation. In recent studies [137,139], the addition of 
DMF has been shown to create a sponge-like structure beneath the top separating 
layer which is what was observed in this study too as the concentration of DMF 
increased. However, this contradicts previous reports [9] which claimed that all 
solutions of polymers with DMF would favour the formation of macro-voids. While 
this is true for polyamide, polysulfon and cellulose acetate, it is not valid in the 
formation of PBI membranes. 
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Figure 38: SEM images of crosslinked PBI membranes prepared from 4:0.9 and 4:3 
DMAc:DMF casting solutions. 
Finally, a comparison between the solvent properties (Table 22) revealed that the 
addition of DMF should result in membranes with more open MWCO curves, as DMF 
has a higher affinity to water than DMAc. 
Table 22: Summary of physical properties of DMF; values, where necessary, taken 
at 20 oC, the temperature of the phase inversion bath. 
Solvent DAB (109) * 
/ m2 s-1 
Polarity index ** 
/ - 
Partition coefficient ** 
/ - 
Δδt *** 
/ MPa1/2 
DMF 
4:0.9 
1.01 6.4 -1.01 
2.69 
4:3 1.92 
DMAc  0.85 6.5 -0.77 3.27 
* calculated using Eq. 21 
** values taken from [136] 
*** calculated using Eq. 22, for 4:0.9 and 4:3 ratios of DMAc:DMF systems 
Again, it can be concluded that the solvent parameters and interaction taken into 
account in this study are unable to predict accurately the morphological and 
performance related changes in PBI membranes, as the theory points to opening up 
of the pores with increasing DMF content in the dope solution. 
6.5 Conclusions 
In this study, crosslinked PBI membranes were prepared successfully by modifying 
the dope solution composition via the addition of various non-/co-solvents. The goal 
was to achieve different MWCO curves by changing the casting solutions. While a 
change in the rejection of PS was achieved, it was only towards increasing the 
rejection of small solutes as compared to the control membrane. The tightest 
4:0.9 DMF
70 μm
4:3 DMF
33 μm
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membranes were obtained by adding methanol and acetonitrile to the DMAc 
containing polymer solution in a ratio of 4:0.9 or with 4:3 DMF:DMAc ratio. Changes 
in membrane thickness and pore sizes were also observed. In order to understand 
the polymer/solvent/non-solvent interactions which lead to changes in performance 
and morphology, different solvent parameters and interactions were taken into 
account. However, none of the analysed factors was found to describe or predict the 
experimentally obtained results. 
To conclude, this study serves as an illustration that although much progress has 
been made to understand the phase inversion process and the resulting changes, 
they are still not fully understood and should not be taken for granted. 
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7 Final conclusions and future directions 
7.1 Final conclusions 
In this thesis, the suitability of polybenzimidazole (PBI) membranes for organic 
solvent nanofiltration (OSN) was critically assessed. Although this polymer is well 
known in other membrane separation areas, it is still very new in the field of OSN. 
Objective 1: Improvement of the chemical stability of PBI membranes in organic 
solvents, specifically in polar aprotic solvents, which degrade the membrane integrity 
and performance. 
This research started by a general assessment of the stability of PBI membranes in 
different organic solvents. The polymer was found to be stable in a wide variety of 
solvents; however, polar aprotic solvent such as N,N-dimethylformamide (DMF) 
dissolved the polymer and the membrane performance deteriorated. To solve this 
problem, PBI membranes were crosslinked using an aliphatic (dibromobutane) or 
aromatic (dibromoxylene) bi-functional molecule. These membranes were then 
subjected to a series of harsh conditions including acids and bases, typical for 
chemical and pharmaceutical separations. Both membranes handled the acidic and 
basic filtrations well, with the dibromobutane (DBB) crosslinked membrane always 
having a lower permeance as compared to those formed with dibromoxylene (DBX) 
due to a less hydrophilic membrane surface. However, PBI-DBB membranes 
deteriorated in DMF as was the case with uncrosslinked membranes. This was 
attributed to insufficient crosslinking resulting in dissolution of PBI in DMF. PBI-DBX 
remained stable under all tested conditions and was the membrane of choice for 
further research. Besides the chemical stability, the reproducibility of PBI 
membranes was tested and it was concluded that the batch-to-batch performance 
variation of these membranes was low. 
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Objective 2: Definition of the crosslinking reaction mechanism and isolation of the 
factors that influence the degree of crosslinking. 
The next step was to gain deeper understanding of the crosslinking reaction 
mechanism between PBI and DBX and study the parameters that affect the 
crosslinking degree. In the first part of the study, it was revealed that charged salt 
complexes were formed between the benzimidazole moiety and DBX. The PBI 
backbone was found to carry an immobile positive charge upon crosslinking. The 
second part of the study was concerned with the degree of crosslinking. For this 
reason, five essential reaction parameters were chosen: reaction time, temperature, 
excess and concentration of DBX and reaction solvent. A statistical approach based 
on Design of Experiments (DoE) was used to identify the most significant parameters 
and interactions affecting the crosslinking reaction. All parameters showed that their 
increment yielded higher crosslinking degrees and the reaction proceeded faster in 
acetonitrile as compared to toluene. Further, the reaction time was shown to have 
the most significant influence on increasing the values of the responses, as well as 
on changing the membrane performance. However, the correlation coefficients 
obtained from the mathematical models indicated that a negative or insignificant 
change in crosslinking degree beyond a certain point of reaction time can be 
expected. This was studied by carrying out the reaction beyond the design space 
and the results showed negligible changes in the analysed responses as well as no 
change in rejection curves and a negative change in membrane permeance beyond 
24 h. This observation was explained by the increasingly hydrophilic nature of PBI 
membranes as the crosslinking degree was increased. Typically, permeation of polar 
solvents is higher when the membrane is more hydrophilic. However based on the 
results, it was speculated that beyond a certain point the membrane hydrophilicity 
would not affect the permeance as the membrane densification would start to rise. 
Analysis of the change in membrane thickness showed to be increasing with 
increasing crosslinking degree. Although, the thickness of the membranes was found 
to relate to the rejection performance, no correlation between permeance and 
thickness was found.  
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Objective 3: Improvement of membrane selectivity towards solutes with similar 
molecular weights by utilisation of charge-driven transport through PBI membranes 
via ion exchange. 
The next part of this thesis consisted of utilising the positive charge in PBI 
membranes. It was hypothesised that this property can fractionate neutral solutes 
from solutes carrying the opposite charge to that of the membrane. To illustrate this, 
two neutral and one charged solute with similar MW were chosen as a case study. A 
fractionation was achieved with the un-crosslinked membrane, which retained the 
charged solute and passed the neutral ones through. However, the crosslinked PBI 
membrane showed very similar rejections of all three solutes. By filtration of HCl, 
charges in the uncrosslinked membrane were induced and the rejection of the 
negative species decreased. This study showed that the transport of molecules was 
not only based on size exclusion, but also on ion exchange as hypothesised initially. 
Upon filtration of NaOH, the positive charge in the uncrosslinked membrane was 
removed, returning its properties almost to its original state. However, the 
crosslinked membrane presented surprisingly high rejections of all three solutes. The 
observed changes were attributed to the difference between halogen and hydroxyl 
counter ions. Overall, the experimental results showed that PBI membranes could be 
used for separations based on charge of membrane and solutes by their careful 
selection. And so, the applicability of PBI membranes could be extended to 
fractionations of solutes with similar MW simply based on opposite charges. 
Objective 4: Gain control over the molecular weight cut-off (MWCO) of PBI 
membranes by changing the composition of the polymer casting solution. 
Lastly, it was attempted to create different molecular weight cut-off (MWCO) curves 
by simply changing the polymer casting solution. A number of non-solvents (solvents 
unable to dissolve PBI) were added in small quantities and their influence on 
membrane separation and morphology was studied. The MWCO curves were shifted 
towards higher rejections of small solutes while keeping the permeance of the 
control membrane unchanged. Several interesting membranes resulted from this 
study. The polymer solution containing acetonitrile resulted in a membrane which 
had a MWCO <200 g mol-1 as compared to 500 g mol-1 of the control membrane, 
without compromising the permeance at 13 L m-2 h-1 bar. In conclusion, membranes 
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rejecting small MW solutes were prepared with reasonable permeances, 
demonstrating the versatility of PBI membranes. 
Objective 5: Definition of correlations between membrane performance, solvent 
properties, average pore sizes and membrane morphology. 
SEM images were taken to reveal the structural changes in the membranes 
discussed in objective 4 above. It was found that only the thickness of the membrane 
differed between the non-solvent additives. Smaller thicknesses were achieved when 
the non-solvent additive had smaller affinity to water (polymer coagulation medium), 
possibly because the polymer had more time to aggregate before solidification 
occurred. Average pore sizes and pore size distributions were calculated and 
analysed. However, the attempts to correlate the observed changes with solvent 
properties and polymer/solvent interactions were unsuccessful. The known tools to 
describe phase inversion were not applicable for PBI membranes.  
7.2  Suggestions for future directions 
As mentioned in the beginning, these are the first publications where PBI 
membranes have been used in OSN applications. This thesis demonstrated the 
applicability of these membranes, but could not answer many questions or explore 
all possibilities of PBI. 
One direction for further research could be the crosslinking molecule. Here, 
dibromoxylene which has one benzene ring was used. By using molecules with two 
or three benzene rings the spacing between the chains of the polymer could be 
altered, so chemically stable membranes with lower rejections could be obtained. 
Further, in order to gain better understanding of the phase inversion process for PBI 
membranes, a fundamental study should be carried out. Other tools and correlations 
to describe the process should be sought. It has been suggested previously that 
commercial polymeric solutions contain different impurities which can influence the 
separation performance of membranes. In order to eliminate errors arising from 
these impurities, it is suggested to synthesise PBI polymer at lab-scale and prepare 
membranes with different casting solution compositions. It is possible that effects will 
become more pronounced than in the current study. 
Final conclusions and future directions 
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Also, a proof of concept in lab scale using realistic solutions could be carried out 
once membranes with suitable performance are chosen. The main criteria should be 
a good resolution between product and by-products and waste, a reasonable 
permeability and good long term performance. Successful membranes could be then 
rolled into modules for proof of concept at kilogram scale. Here, the ion exchange 
properties of the membranes could be exploited to enhance the selectivity. Further 
experiments should be carried out to gain a fundamental understanding of the ion 
exchange transport through PBI membranes and what facilitates it and what inhibits 
it. 
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8 Appendix 
8.1 Experimental designs for the crosslinking reaction between PBI and DBX 
Table A1: Experimental design and results for linear FRFE used to analyse the 
reaction between PBI and DBX. Each centre point was prepared three times to 
evaluate the error (blue represents reaction taken place in toluene and green ‒ in 
acetonitrile). 
Run Temp Time Excess of DBX 
Concentration 
of DBX 
Reaction 
solvent %WG %Br 
/ - / °C / h / - / wt% / - / % / % 
1 50 0.5 2 1 Tol 2 1.64 
2 80 24 20 1 MeCN 31 15.42 
3 65 12.25 11 3 Tol 19 12.74 
4 65 12.25 11 3 MeCN 35 17.34 
5 65 12.25 11 3 MeCN 30 17.74 
6 80 0.5 2 1 MeCN 11 8.37 
7 80 0.5 20 1 Tol 7 4.85 
8 80 24 2 1 Tol 18 15.96 
9 65 12.25 11 3 MeCN 36 17.27 
10 50 0.5 2 5 MeCN 12 7.59 
11 80 0.5 20 5 MeCN 25 12.36 
12 50 24 20 5 MeCN 39 17.74 
13 80 0.5 2 5 Tol 12 8.44 
14 50 24 2 5 Tol 24 11.8 
15 50 24 20 1 Tol 18 10.37 
16 80 24 20 5 Tol 38 19.03 
17 50 0.5 20 1 MeCN 8 2.5 
18 65 12.25 11 3 Tol 14 10.99 
19 65 12.25 11 3 Tol 20 14.31 
20 80 24 2 5 MeCN 46 19.75 
21 50 0.5 20 5 Tol 6 3.94 
22 50 24 2 1 MeCN 14 13.76 
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Table A2: Experimental design and results for augmentation of FRFE to quadratic 
RSM used to analyse the reaction between PBI and DBX. The centre points were 
analysed one more time (blue for reaction in toluene and green in acetonitrile). 
Run Temp Time Excess of DBX 
Concentration 
of DBX 
Reaction 
solvent %WG %Br 
/ - / oC / h / - / wt% / - / % / % 
23 50 12.25 2 5 MeCN 18 15.99 
24 80 12.25 11 3 Tol 18 13.21 
25 65 12.25 11 1 MeCN 17 13.71 
26 60 24 2 3.7 MeCN 31 17.73 
27 65 12.25 20 3 MeCN 30 17.07 
28 50 8.33 20 2.3 Tol 16 10.23 
29 80 12.25 11 3 Tol 24 13.29 
30 65 12.25 11 3 Tol 13 10.88 
31 50 0.5 8 3.7 MeCN 15 4.45 
32 70 8.33 2 1 Tol 11 10.16 
33 65 12.25 11 3 MeCN 37 16.49 
34 50 16.17 8 1 Tol 14 7.08 
35 70 0.5 14 1 Tol 6 0.94 
8.2 Calculation of Hansen solubility parameter for PBI 
The solubility parameter for PBI was calculated using the group contribution method 
based on the contribution of the structural groups to the cohesion energy Ecoh and 
the molar volume V. The following equation was used to determine δ: 
𝜹 = √
∑𝐸𝑐𝑜ℎ
𝑉
 Eq. A1 
The molar volume for PBI was calculated based on the polymer density and MW 
taken from literature [57]. 
𝝆𝑷𝑩𝑰 / 𝑔 𝑐𝑚
−3  = 1.331   
𝑴𝑾𝑷𝑩𝑰 / 𝑔 𝑚𝑜𝑙
−1 = 308.36   
𝑽𝑷𝑩𝑰 / 𝑐𝑚
3 𝑚𝑜𝑙−1 = 231.7  Eq. A2 
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Table A3: Cohesion energy Ecoh of the structural groups contained in one PBI repeat 
unit used to calculate the Hansen solubility parameter for PBI 
Structural group Number of groups Ecoh / J.mol-1 
 
1 31 940 
 
2 31 940 
 
2 4 310 
 
2 8 370 
 2 11 720 
  Total Ecoh=144 620 J mol-1 
Solving Eq. A1 with the values for VPBI and Ecoh gives a value of 25 MPa1/2 for the 
Hansen solubility parameter of PBI. 
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8.3 DoE graphs 
 
Figure A1: Contour graphs showing how the %WG changes in the design space as 
temperature and time are changed. a) reaction performed in acetonitrile and b) 
reaction performed in toluene. Blue represents low %WG values (2%) and red 
stands for high %WG values (46%). 
